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REMARKS 

Interview request 

Applicants respectfully request a telephonic interview after the Examiner has 
reviewed the instant response and amendment. Applicants request the Examiner call Applicants' 
representative at 858 720 5133. 

Status of the Claims 

Pending claims 

Claims 1 to 13 and 16 to 46 are pending. 

Claims added and amended in the instant amendment 

Claims 2, 10 to 12, 16, 21 to 23, 35 to 43, and 46 have been amended and claims 47 to 
76 are added. Claim 44 has been canceled without prejudice or disclaimer. Thus, after entry of the 
instant amendment, claims 1 to 13, 16 to 43 and 45 to 76 will be pending. 

Outstanding Rejections 

Claims 21 to 23 and 34 remain rejected and claims 35 to 44, and 46 stand newly rejected 
under 35 U.S.C. §112, second paragraph. Claims 1 to 13 and 16 to 46 stand rejected under 35 
U.S.C. §112, first paragraph. Claims 1 to 13, 16-27, 29 to 32 and 34 and new claims 35-46 stand 
provisionally rejected under the judicially created doctrine of obviousness-type double patenting. 

Applicants respectfully traverse all outstanding objections to the specification and 
rejection of the claims. Reconsideration of the pending claims is respectfully requested. 

Support for the Claim Amendments 

The specification sets forth an extensive description of the invention in the new and 
amended claims. For example, claims directed to compositions comprising nucleic acids or 
methods comprising use of nucleic acids having at least about 50% sequence identity, which would 
include, for example, at least 70%, 80% or 90% sequence identity, to SEQ ID NO:2, can be found, 
inter alia, on page 20, lines 12 to 20. Support for claims directed to compositions comprising 
various types of vectors or methods comprising use of various types of vectors can be found, inter 
alia, on page 37, lines 7 to 14; page 39, lines 3 to 14; page 41, first and second paragraphs. Support 
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for claims directed to compositions comprising various types of cells or methods comprising use of 
various types of cells can be found, inter alia, on page 38, fourth paragraph; page 39, last paragraph; 
the paragraph spanning pages 41 and 42. Support for claims directed to compositions comprising 
various types of promoters or methods comprising use of various types of promoters can be found, 
inter alia, on page 39, lines 15 to 21. Support for claims directed to compositions comprising 
various types of plant cells or methods comprising use of various plant cells can be found, inter alia, 
in the specification from pages 44 to 49. Accordingly, no new matter has been added by way of 
these amendments and support for each amendment can be found in the original claims as filed and 
throughout the specification. 

Objections to the Specification 

The Examiner requests clarification regarding the presence of a His tag in SEQ ID NO: 
2. The Examiner is correct in her understanding that SEQ ID NO: 2 contains an open reading frame 
encoding a protein of 432 amino acids - amino acid 432 being leucine. The His tag comprises 6 
hisitidine residues preceded by an Arg-Ser linker sequence. Another example of a linker sequence 
is shown in Wyss, M, et aL, Applied and Environmental Microbiology (1999) 65(2): 359-366, on 
page 4, second full paragraph, where it is described how "[t]he appA gene was transferred into the 
pQE60 expression vector (Qiagen) containing a C -terminal 6xHis tag and a short linker sequence 
(Gly-Ser-Arg-Ser-His-His-His-His-His-His)." Thus, the linker sequence is not a part of the coding 
sequence but merely links the amino acid sequence encoding the protein to the amino acid sequence 
that is the 6xHis tag. An online version of this article is provided for the convenience of the 
Examiner. 

Objections to the Claims 

Claim 16 is objected to for the presence of the second occurrence of the word "and". 
Accordingly, the second "and" in the claim has been removed. 

Claim Rejections - 35 U.S.C. $112, Second Paragraph 

Claims 21 to 23 and 34 remain rejected and claims 35 to 44, and 46 stand newly rejected 
under 35 U.S.C. § 1 12, second paragraph, as being indefinite for failing to particularly point out and 
distinctly claim the subject matter which applicant regards as the invention. 
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The Patent Office alleged that claim 21 is indefinite in the recitation of "wherein the 
nucleic acid further comprises a vector sequence" for the reasons previously set forth in the Office 
Action mailed February 17, 2004. Applicant has amended claim 21 to read "The expression system 
of claim 1 or 16, wherein the nucleic acid is contained in a vector." 

Claims 22-23 are alleged as being indefinite in the recitation of "wherein the vector 
comprises a cloning vector, an expression vector. . . ." Claims 22 and 23 have been amended to 
clarify that the vector can comprise at least a portion of a nucleotide sequence taken from a cloning 
vector, an expression vector, a bacterial vector, a plasmid, a viral particle, a phage, chromosomal 
DNA, nonchromosomal DNA, synthetic DNA, a vaccinia vector, an adenovirus vector, a fowl pox 
virus, a pseudorabies vector, or a combination of more than one nucleotide sequence taken from the 
sources listed above. 

The Patent Office alleged that claim 34 is indefinite in the recitation of "wherein the 
phytase activity comprises hydrolyzing inorganic phosphate from phytate" as it does not further 
limit claim 16. Applicant has amended claim 16 to recite the phrase "a polypeptide having phytase 
activity, wherein the phytase activity comprises hydrolyzing inorganic phosphate from phytate or 
the reverse reaction". 

Claims 35-44 and 46 are alleged to be indefinite in the recitation of "comprising a 
sequence that is the complement of a sequence of . . because it is unclear which complement is 
being referred to. Although Applicant respectfully traverse, only to expedite prosecution claims 35- 
43 and 46 have been amended to clarify which complement is being referred to. Claim 44 is 
canceled in the instant amendment. 

Accordingly, Applicant asserts that the language of claims 21-23, 34, 35-44, and 46 
is clear and meets the requirements of 35 U.S.C. § 1 12, second paragraph. 

Issues under 35 U.S.C. §112, first paragraph 

Written Description 

New matter 

Claims 1 to 13 and 16 to 46 stand rejected under 35 U.S.C. § 1 12, first paragraph, for 
allegedly failing to comply with the written description requirement and containing subject matter 
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not described in the specification in such a way as to reasonably convey to one skilled in the art that 
the inventor had possession of the claimed invention. 

Regarding claims 1-1 3, and 16-46 (see paragraph 10, page 5, of the instant office action), 
the Patent Office alleged that there is inadequate support in the specification for an expression 
system, a cell, or a vector comprising a polynucleotide encoding amino acids 1-432 of SEQ ID NO: 
2. It is alleged that there is no support in the specification for a method for making a phytase with a 
cell comprising a polynucleotide encoding amino acids 1-432 of SEQ ID NO: 2. 

However, Applicants respectfully note that there several places in the specification in 

which SEQ ID NO: 2 is described as comprising the coding sequence for an enzyme and an 

additional sequence, e.g. a 6xHis tag. For example, paragraph 101 of published patent application 

US 2001/0055788 states that "[a]n analog, derivative, or fragment of the enzyme of FIG. 1 may be 

. . . (d) to provide a label or a tag, such as a 6xHis tag . . . . Also, paragraph 1 1 5 of the published 

application describes how 

"[t]he polynucleotide which encodes for the mature enzyme of FIG. 1 (e.g., SEQ ID 
NO: 2) may include, but is not limited to: only the coding sequence for the mature 
enzyme; the coding sequence for the mature enzyme and additional coding sequence 
such as a leader sequence or a proprotein sequence; the coding sequence for the 
mature enzyme (and optionally additional coding sequence) and non-coding 
sequence, such as introns or non-coding sequence 5' and/or 3' of the coding sequence 
for the mature enzyme." 

In paragraphs 121-125 of the published application, it is discussed how "[t]he coding 
sequences for the phytase enzymes of the present invention were identified by . . . and recovering . . . 
DNA encoding phytase activity. It is also described how the recovered DNA is then ligated and 
transformed "into, and express[ed] in M15pREP4 host cells (Qiagen) yielding a] C-term 6X-His 
tagged protein." 

Accordingly, Applicants respectfully aver that claims directed to expression systems, 
cells, or vectors comprising a polynucleotide encoding amino acids 1-432 of SEQ ID NO: 2, and 
methods for making a phytase with a cell comprising a polynucleotide encoding amino acids 1-432 
of SEQ ID NO: 2, are supported in the specification and no new matter has been added by 
amendment. 
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Possession of the claimed invention 

Claims 2, 10 to 13, 16 to 17, and 20 to 34 remain rejected and new claims 35-44 and 46 
are newly rejected as allegedly containing subject matter not described in the specification in such 
as way as to reasonably convey to one skilled in the relevant art that the inventors, at the time the 
application was filed, had possession of the claimed invention. 

Applicants respectfully aver that the claimed invention is sufficiently described in the 
specification such that one of ordinary skill in the art would be able to ascertain the scope of the 
claims with reasonable clarity and recognize that Applicants' were in possession of the claimed 
invention at the time of filing. Applicants respectfully submit that the present amendment addresses 
all of these issues. 

The Federal Circuit has applied the written description requirement of the first 
paragraph of § 1 12 to inventions in the field of biotechnology. See University of California v. Eli 
Lilly and Co ., 1 19 F.3d 1559, 1568, 43 USPQ2d 1398, 1406 (Fed. Cir. 1997). The court explained 
that 

In claims involving chemical materials, generic formulae usually indicate 
with specificity what the generic claims encompass. One skilled in the art can 
distinguish such a formula from others and can identify many of the species 
that the claims encompass. Accordingly, such a formula is normally an 
adequate description of the claimed genus. . . [H]owever, a generic statement 
such as "vertebrate insulin cDNA" or "mammalian insulin cDNA," without 
more, is not an adequate written description of the genus because it does not 
distinguish the claimed genus from others, except by function. It does not 
specifically define any of the genes that fall within its definition. It does not 
define any structural features commonly possessed by members of the genus 
that distinguish them from others. One skilled in the art therefore cannot, as 
one can do with a fully described genus, visualize or recognize the identity of 
the members of the genus. A definition by function, as we have previously 
indicated, does not suffice to define the genus because it is only an indication 
of what the gene does, rather than what it is. 

Id. at 1568, 43 USPQ2d at 1406. 

The Lilly court also stated that "[a] written description of an invention involving a 

chemical genus, like a description of a chemical species, 'requires a precise definition, such as by 

structure, formula, [or] chemical name,' of the claimed subject matter sufficient to distinguish it 

from other materials." IcL at 1567, 43 USPQ2d at 1405. Finally, the court addressed the manner by 
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which a genus of cDNAs might be described. "A description of a genus of cDNAs may be achieved 
by means of a recitation of a representative number of cDNAs, defined by nucleotide sequence, 
falling within the scope of the genus or of a recitation of structural features common to the members 
of the genus, which features constitute a substantial portion of the genus. " Id. at 1568, 43 USPQ2d 
at 1406. 

The Federal Circuit has also addressed the written description requirement in the context 
of DNA-related inventions. See Enzo Biochem. Inc. v. Gen-Probe Inc. , 296 F.3d 1316, 63 USPQ2d 
1609 (Fed. Cir. 2002). The Enzo court adopted the standard that "the written description 
requirement can be met by 'showing that an invention is complete by disclosure of sufficiently 
detailed, relevant identifying characteristics . . . i.e., complete or partial structure, other physical 
and/or chemical properties, functional characteristics when coupled with a known or disclosed 
correlation between function and structure, or some combination of such characteristics. m 
[Emphasis added] Id., at 1324, 63 USPQ2d at 1613. 

The court in Enzo adopted its standard from the USPTO's Written Description 
Examination Guidelines. See 296 F.3d at 1324, 63 USPQ2d at 1613 (citing the Guidelines). The 
Guidelines apply to proteins as well as DNAs. 

Finally, it is well-settled that the written description requirement of 35 U.S.C. § 1 12, first 
paragraph, can be satisfied without express or explicit disclosure of a later claimed invention. See , 
g.g„ In re Herschler . 591 F.2d 693, 700, 200 USPQ 71 1,717 (CCPA 1979): "The claimed subject 
matter need not be described in haec verba to satisfy the description requirement. It is not necessary 
that the application describe the claim limitations exactly, but only so clearly that one having 
ordinary skill in the pertinent art would recognize from the disclosure that appellants invented 
processes including those limitations." (citations omitted). See also Purdue Pharma L.P. v. 
Fauldmgjnc., 230 F.3d 1320, 1323, 56 USPQ2d 1481, 1483 (Fed. Gir. 2000) ("In order to satisfy 
the written description requirement, the disclosure as originally filed does not have to provide m 
haec verba support for the claimed subject matter at issue."). 

Applicants respectfully submit that the claimed invention is sufficiently described in 
the specification such that one of ordinary skill in the art would be able to ascertain the scope of the 
claims with reasonable clarity and recognize that Applicants' were in possession of the claimed 
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invention at the time of filing. As noted in paragraph 12, page 6, of the instant Office Action, in 
previous responses Applicants have fully argued this rejection, and incorporate those remarks 
herein. In brief, all nucleic acids of the claimed invention are described by structure (the exemplary 
SEQ ID NO:2, encoded e.g., by SEQ ID NO:l) 5 a physico-chemical property (encoding 
polypeptides having specific conservative amino acid variations to SEQ ID NO:2 based on 
interchange of aliphatic residues, hydroxyl-comprising residues, acidic residues, amide residues, 
basic residues or aromatic residues) and function (phytase activity). Applicants respectfully submit 
that describing a genus of polynucleotides in terms of physico-chemical properties (e.g., encoding 
polypeptides having specific conservative amino acid substitutions) and function (e.g., encoding 
phytases) satisfies the written description requirement of section 112, first paragraph. The USPTO 
guidelines recognize that a genus of nucleic acids encoding polypeptides described by structure 
(e.g., the exemplary SEQ ID NO:2), a physico-chemical property (e.g., specific conservative amino 
acid substitutions based on interchange of aliphatic residues, hydroxyl-comprising residues, acidic 
residues, amide residues, basic residues or aromatic residues) and a defined function (e.g., phytase 
activity) meets the written description requirements of section 1 12. 

The genus of nucleic acids used in the claimed compositions and methods also fully 
complies with the requirements for written description of a genus of nucleic acids as set forth in 
University of California v. Eli Lilly & Co.. 43 USPQ2d 1398 (Fed. Cir. 1997). In Lilly , the Court 
stated that, "[a] description of a genus of cDNA may be achieved by means of a recitation of a 
representative number of cDNAs. . . .or of a recitation of structural features common to the members 
of the genus, which features constitute a substantial portion of the genus.''" (emphasis added) Lilly, 
43USPQ2d at 1406. Analogously, the specification recites structural features (specific conservative 
amino acid substitutions of exemplary SEQ ID NO:2) common to the members of the genus of 
phytases and phytase-encoding nucleic acids of the invention, which features constitute a substantial 
portion of the genus. 

The Patent Office remains concerned that while the specification discloses one 
species of claimed polynucleotide genus (nucleic acids encoding SEQ ID NO: 2) the specification is 
allegedly completely silent in regard to which amino acid substitutions in the polypeptide of SEQ 
ID NO: 2 would result in a polypeptide having the same phytase activity. The Office appears 
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concerned that the specification does not predict which (conservative) amino acid substitutions can 
be made to the exemplary SEQ ID NO:2 to generate variant phytases. However, Applicants 
respectfully aver that predictability is not the legal standard or test for a written description 
rejection. It is not necessary that the specification describe the claim limitations exactly, but only so 
clearly that one having ordinary skill in the pertinent art would recognize from the disclosure that 
appellants invented the claimed subject matter. Because the phytases and nucleic acids of the 
invention are described by structure (the exemplary SEQ ID NO:2, encoded e.g., by SEQ ID NO:l), 
physico-chemical properties (e.g., encoding polypeptides having specific conservative amino acid 
variations to SEQ ID NO:2 based on interchange of aliphatic residues, hydroxyl-comprising 
residues, acidic residues, amide residues, basic residues or aromatic residues) and function (phytase 
activity), one having ordinary skill in the art would recognize from the disclosure that Applicants 
invented the claimed subject matter. 

However, the instant amendment also addresses this issue. After entry of the instant 
amendment, the claims are directed to, inter alia, recombinant expression systems, vectors, cells 
(and methods using them) comprising a nucleic acid encoding a phytase that has at least one 
conservative amino acid substitution to SEQ ID NO:2, and the claims expressly define what is a 
conservative amino acid substitution within the scope of the invention, i.e., (a) a replacement, one 
for another, among the aliphatic amino acids Ala, Val, Leu and He, (b) an interchange of the 
hydroxyl residues Ser and Thr, (c) an exchange of the acidic residues Asp and Glu, (d) a substitution 
between the amide residues Asn and Gin, (e) an exchange of the basic residues Lys and Arg, (f) a 
replacement among the aromatic residues Phe, Tyr. 

The Patent Office also remains concerned that the specification does not teach a 
correlation between the structure of SEQ ID NO: 2 and phytase function. However, Applicants 5 
respectfully aver that it was not necessary for one skilled in the art to know the correlation between 
structure and function of phytases to be in possession of the invention. As declared by Dr. Short in 
a previous office action, one of ordinary skill in the art using the teaching of the specification would 
have been able to make and screen for nucleic acids that encode for one or more conservative amino 
acid substitutions to SEQ ID NO:2, including conservative amino acid substitutions comprising (a) 
a replacement, one for another, among the aliphatic amino acids Ala, Val, Leu and He, (b) an 
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interchange of the hydroxyl residues Ser and Thr, (c) an exchange of the acidic residues Asp and 
Glu, (d) a substitution between the amide residues Asn and Gin, (e) an exchange of the basic 
residues Lys and Arg, (f) a replacement among the aromatic residues Phe, Tyr, or (g) a combination 
thereof, and express those nucleic acids and using routine screening to determine, with predicable 
positive results, which of those nucleic acids encode for a polypeptide having phytase activity. Dr. 
Short declared that one of ordinary skill in the art using the teaching of the specification would have 
been able to ascertain what polypeptides, including polypeptides of having conservative amino acid 
substitutions, or fragments of SEQ ID NO:2 having phytase activity, were within the scope of the 
claims with reasonable clarity to recognize that Applicants' were in possession of the claimed 
invention at the time of filing. 

While Applicants maintain that it was not necessary for one of ordinary skill in the 
art to know the correlation between the structure of SEQ ID NO: 2 and phytase function to 
recognize with reasonable clarity that Applicants' were in possession of the claimed invention at the 
time of filing, in fact, such structure-function information for phytases was available to one of 
ordinary skill in the art. Attached is an alignment of the phytase SEQ ID NO:2 (designated 
"DVSA") compared to five phytases known in the art at the time of the invention 
fhttp://www.ncbi.nlm.nih.gov/entrezyviewer.fcd?db^rotein&val=^ 1 08356 ; 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db : =protein&val=l 665 1 9 ; 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db ::::= protein&val=408990 ; 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db = ^rotein&val=2108352 ; 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db^rotein&val=2108354) ^ 

The alignment shows areas of conserved sequence between the phytases, with 
completely conserved sequence residues highlighted in yellow. The sequence alignment highlights 
the conserved phytase active site, RHGXRXP as described, e.g., by Wodzinski and Ullah, 
"Phytase", in Advantages in Applied Microbiology, vol. 42, 1996, Academic Press, Inc. (copy 
attached) (see also, Berka (1998) Applied and Environ. Biol. 64:4423-4427; Kerovuo (1998) 
Applied and Environ. Biol. 64:2079-2085) (copies attached). Accordingly, one of skill in the art at 
the time of the invention would have had sufficient knowledge of the structure-function relationship 
of phytases and phytase active sites to design variant phytase sequences. 
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The Patent Office also remains concerned about the size of the genus of claimed 
nucleic acids (including the genus of nucleic acids used in the methods of the invention). For 
example, in paragraph 13 on page 8 of the instant office action, the Patent Office alleges that the 
scope of the claimed genus of polypeptides encompasses anywhere from 0% to 99% sequence 
identity to the exemplary SEQ ID NO:2. Applicants respectfully traverse, and submit that the 
claimed genus is not so broad as to encompass anywhere near 0% sequence identity because the 
genus is expressly limited to only encompass polypeptides having phytase activity and an amino 
acid sequence as set forth in (i) SEQ ID NO:2, or, (ii) SEQ ID NO:2 from amino acid residue 1 to 
432, wherein the phytase sequence of (i) or (ii) has at least one conservative amino acid substitution 
from SEQ ID NO:2, and the conservative amino acid substitution comprises (a) a replacement, one 
for another, among the aliphatic amino acids Ala, Val, Leu and He, (b) an interchange of the 
hydroxyl residues Ser and Thr, (c) an exchange of the acidic residues Asp and Glu, (d) a substitution 
between the amide residues Asn and Gin, (e) an exchange of the basic residues Lys and Arg, (f) a 
replacement among the aromatic residues Phe, Tyr, or (g) any combination of a, b, c, d, e or f. 
However, to address the Office's concerns, the claimed genus (see new claims 47 to 76) is amended 
such that the claimed phytases are further limited such that their sequences must have at least about 
50% sequence identity to SEQ ID NO:2. 

Accordingly, Applicants respectfully submit that the pending claims meet the written 
description requirement under 35 U.S.C. §112, first paragraph. In light of the above remarks, 
Applicants respectfully submit that amended claims are sufficiently described in the specification to 
overcome the written description rejection based upon 35 U.S.C. §1 12, first paragraph. 

Enablement 

Claims 2, 10-13, 16-17, 20-34, and new claims 35-44 and 46 stand rejected under 35 
U.S.C. § 112, first paragraph, enablement, . 

The Patent Office states that the specification is enabling for a nucleic acid encoding the 
polypeptide of SEQ ID NO: 2, a vector and a host cell comprising said nucleic acid, as well as a 
method of recombinantly producing the polypeptide of SEQ ID NO: 2 in a cell. 

However, it is alleged that the specification does not reasonably provide enablement for 
(1) an expression system, vector or host cell comprising a nucleic acid which encodes a phytase, 



sd-232450 



Application No.: 09/777,566 



32 



Docket No.: 564462001802 



wherein said phytase has the amino acid sequence of SEQ ID NO: 2 with any number of 
conservative substitutions or (2) a method to produce a phytase with the host cell of (1). 

In order to make a rejection, the Examiner has the initial burden to establish a reasonable 
basis to question the enablement provided for the claimed invention. In re Wright , 999 F.2d 1557, 
1562, 27 USPQ2d 1510, 1513 (Fed. Cir. 1993) (Examiner must provide a reasonable explanation as 
to why the scope of protection provided by a claim is not adequately enabled by the disclosure). A 
specification disclosure which contains a teaching of the manner and process of making and using 
an invention in terms which correspond in scope to those used in describing and defining the subject 
matter sought to be patented must be taken as being in compliance with the enablement requirement 
of 35 U.S.C. 112, first paragraph, unless there is a reason to doubt the objective truth of the 
statements contained therein which must be relied on for enabling support. As stated by the court, 
"it is incumbent upon the Patent Office, whenever a rejection on this basis is made, to explain why it 
doubts the truth or accuracy of any statement in a supporting disclosure and to back up assertions of 
its own with acceptable evidence or reasoning which is inconsistent with the contested statement. 
Otherwise, there would be no need for the applicant to go to the trouble and expense of supporting 
his presumptively accurate disclosure." In re Marzocchi 439 F.2d 220, 224, 169 USPQ 367, 370 
(CCPA 1971). See also MPEP §2164.04, rev. 2, May 2004, pg 2100-189. 

The Patent Office cites art to support its prima facie case of lack of enablement, citing 
Broun et al.{\99%) Science 282:1315-1317; Witkowski et al.{\999) Biochemistry 38:11643-11650; 
and Seffernick et al. (2001) J. of Bacteriol. 183:2405-2410. It is alleged that this art evidences the 
allegation that the art teaches the unpredictability of assigning function based on structural 
homology and how small structural changes can lead to major changes in function. Thus, it is 
alleged, one of skill in the art would have to go through the burden of undue experimentation to 
isolate or make the nucleic acids encompassing the full scope of the invention. Please see the 
Office action, e.g., page 10, lines 8 to 13. 

Applicant respectfully avers that the Examiner has not met his or her initial burden to 
establish a reasonable basis to question the enablement provided for the claimed invention, and 
specifically address, below, how the art used to support the Office's enablement rejection is not 
sufficient to rebut the presumptively enabled specification. None of the cited references, 
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individually or in their totality, are sufficient to rebut the presumption of enablement. None of these 
references are directed to whether, or not, screening a large number of nucleic acid or phytase 
variants (of an exemplary nucleic acid or phytase of the invention) would have constituted undue 
experimentation to one skilled in the art at the time of the invention. 

Broun et a/.(1998) Science 282:1315-1317, shows that a small number of amino acid 
reside changes in the catalytic site of a family of structurally related enzymes can result in a change 
in activity (in particular, Broun found that as few as four amino acid substitutions can convert an 
oleate 12-desaturase to a hydroxylase and as few as six result in conversion of a hydroxylase to a 
desaturase). However, in Broun, there is no discussion regarding the merits or difficulties of 
protocols that screen for enzyme activity, e.g., screen for enzyme activity in polypeptides having at 
least one conservative amino acid substitution in an exemplary phytase. In fact, it appears that 
Broun considered screening for enzyme activity in their enzyme variants a routine process. There is 
no discussion on whether changes in non-catalytic site amino acid residues have any effect on 
enzyme activity. In fact, Broun' s data suggest that most changes in an enzyme's amino acid 
sequence (e.g., non-catalytic site amino acid residues) are not important in determining, or 
changing, its catalytic specificity. 

Witkowski et ah (1999) Biochemistry 38:1 1643-1 1650, also showed that a small number 
of amino acid residue changes in the catalytic site of a family of structurally related enzymes can 
result in a change in activity. Witkowski noted that beta-ketoacyl synthases involved in the 
biosynthesis of fatty acids and polyketides exhibit extensive sequence similarity and share a 
common reaction mechanism. Interestingly, Witkowski also noted that multiple sequence 
alignments identified catalytic sites and provided the first clues about the possible identities of 
residues that play critical roles in catalysis. In fact, as with Broun, Witkowski's data suggest that 
most changes in an enzyme's amino acid sequence (e.g., non-catalytic site amino acid residues) are 
not important in determining, or changing, its catalytic specificity. In Witkowski, there is no 
discussion regarding the merits or difficulties of protocols that screen for enzyme activity, e.g., 
screen for enzyme activity in polypeptides having at least one conservative amino acid substitution 
in an exemplary phytase. It appears that Witkowski considered screening for enzyme activity a 
routine process. 
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Seffernick et al (2001) J. of Bacteriol. 183:2405-2410, also shows that a small number of 
amino acid residue changes in the catalytic site of an enzyme can result in a change in activity. 
Seffernick compared a deaminase (melamine deaminase) with a hydrolase (atrazine 
chlorohydrolase, AtzA) and found that each enzyme consists of 475 amino acids and differs by only 
9 amino acids. Seffernick opined that their data suggest that the 9 amino acid differences between 
melamine deaminase and AtzA represent a short evolutionary pathway connecting enzymes 
catalyzing physiologically relevant deamination and dehalogenation reactions. As with Broun and 
Witkowski, Seffernick's data suggest that most changes in an enzyme's amino acid sequence {e.g., 
non-catalytic site amino acid residues) are not important in determining, or changing, its catalytic 
specificity. In Seffernick, there is no discussion regarding the merits or difficulties of protocols that 
screen for enzyme activity, e.g., screen for enzyme activity in polypeptides having at least one 
conservative amino acid substitution in an exemplary phytase. It appears that Seffernick also 
considered screening for enzyme activity a routine process. 

Applicant respectfully avers that none of these references, individually or in their 
totality, are sufficient to rebut the instant application's presumption of enablement. None of these 
references are directed to whether, or not, screening polypeptide sequence variants would have 
constituted undue experimentation to one skilled in the art at the time of the invention. In fact, 
because Broun, Witkowski and Seffernick's data suggest that most changes in an enzyme's amino 
acid sequence (e.g., non-catalytic site amino acid residues) are not important in determining, or 
changing, its catalytic specificity, these references support the idea that most changes in an 
enzyme's amino acid sequence will result in little or no effect on its specificity or activity, and that 
one of skill in the art could easily target a minimum number of residues to generate a limited 
number of enzyme variants to generate desired enzyme variants. Accordingly, the Office has not 
established a reasonable basis to question the enablement provided for the claimed invention. 

The Office must weigh all submitted evidence, including the specification and any new 
evidence supplied by applicant with the evidence and/or sound scientific reasoning previously 
presented in the rejection and decide whether the claimed invention is enabled. The Examiner 
should never make the determination based on personal opinion. The determination should always 
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be based on the weight of all the evidence. MPEP §2164.05, 8 th edition, rev. 2, May 2004, pg 2100- 
190 to -191. 

Applicants respectfully submit that the Examiner did not sufficiently consider and 
specifically address Dr. Short's previously submitted Rule 132 expert declaration regarding 
enablement, in which Dr. Short declared, inter alia, it would not have required any knowledge or 
guidance as to which are the specific structural elements, e,g., amino acid residues, that correlate 
with phytase activity to create variants of the exemplary nucleic acid and test them for the 
expression of polypeptides or peptides having phytase activity, with reasons to doubt the objective 
truth of the statements contained therein. The evidence provided by Applicants need not be 
conclusive but merely convincing to one skilled in the art. MPEP 2164.05, 8 th edition, rev. 2, May 
2004, pg 2100-190 to -191. Applicant respectfully avers that their arguments, and Dr. Short's 
expert declaration, are sufficient to rebut any possible prima facie case of lack of enablement, i.e., 
Applicants have presented persuasive arguments that one skilled in the art would be able to make 
and use the claimed invention using the application as a guide. 

An analysis of whether the claimed invention is supported by an enabling disclosure 
requires a determination of whether that disclosure contained sufficient information to enable one 
skilled in the pertinent art to make and use the claimed invention. Applicants respectfully aver that 
the specification enabled the skilled artisan at the time of the invention to identify, and make and 
use, the genus of phytases used in the claimed compositions and methods. As previously declared 
by Dr. Short, procedures for identifying polypeptides having phytase activity were conventional and 
routine in the art at the time of the invention. An exemplary assay for identifying polypeptides 
having phytase activity is described, inter alia, on page 35, section 6.1.5, of the specification. The 
specification also expressly sets forth which amino acid substitutions can be made to the exemplary 
SEQ ID NO:2 to make a variant phytase within the scope of the invention, i.e., one or more 
conservative amino acid substitutions to SEQ ID NO:2, including conservative amino acid 
substitutions comprising (a) a replacement, one for another, among the aliphatic amino acids Ala, 
Val, Leu and He, (b) an interchange of the hydroxyl residues Ser and Thr, (c) an exchange of the 
acidic residues Asp and Glu, (d) a substitution between the amide residues Asn and Gin, (e) an 
exchange of the basic residues Lys and Arg, (f) a replacement among the aromatic residues Phe, 
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Tyr, or (g) a combination thereof. Also as previously declared by Dr. Short, the skilled artisan 
could have used routine screening to determine, with predicable positive results, which nucleic acids 
encoded for a phytase or with polypeptide variants had phytase activity. 

The Patent Office also remains concerned that the specification does not teach a 
correlation between the structure of SEQ ID NO: 2 and phytase function (see, e.g., page 10, lines 1 
to 4, of the office action). However, Applicants' respectfully aver that it was not necessary for the 
specification to describe any correlation between structure and function of phytases to enable one 
skilled in the art to make the genus of phytases of the invention. As declared by Dr. Short in a 
previous office action, one of ordinary skill in the art using the teaching of the specification would 
have been able to make and screen for nucleic acids that encode for one or more conservative amino 
acid substitutions to SEQ ID NO:2, including conservative amino acid substitutions comprising (a) 
a replacement, one for another, among the aliphatic amino acids Ala, Val, Leu and He, (b) an 
interchange of the hydroxyl residues Ser and Thr, (c) an exchange of the acidic residues Asp and 
Glu, (d) a substitution between the amide residues Asn and Gin, (e) an exchange of the basic 
residues Lys and Arg, (f) a replacement among the aromatic residues Phe, Tyr, or (g) a combination 
thereof, and express those nucleic acids and using routine screening to determine, with predicable 
positive results, which of those nucleic acids encode for a polypeptide having phytase activity. Dr. 
Short declared that one of ordinary skill in the art using the teaching of the specification would have 
been able to make and use polypeptides of having conservative amino acid substitutions, or 
fragments of SEQ ID NO:2 having phytase activity. Successful results, including the identification 
of polypeptides having various conservative amino acid substitutions and having phytase activity 
using routine screening methods, were predictable. Furthermore, Dr. Short declared that it would 
not have required any knowledge or guidance as to which are the specific structural elements, e.g., 
amino acid residues, that correlate with phytase activity to make and identify nucleic acids that 
encode for phytases having one or more conservative amino acid substitutions to SEQ ID NO:2, 
including conservative amino acid substitutions. Thus, making polypeptides having the 
conservative amino acid substitutions described in the specification based on an exemplary enzyme 
sequence and screening them for phytase activity under various conditions was a predictable art at 
the time of the invention. 
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While Applicants maintain that it was not necessary that one of ordinary skill in the 
art knew the correlation between the structure of SEQ ID NO: 2 and phytase function to enable the 
claimed invention, in fact, such structure-function information for phytases was available to one of 
ordinary skill in the art. As discussed above, attached is an alignment of the phytase SEQ ID NO:2 
(designated "DVSA") compared to five phytases known in the art at the time of the invention. The 
alignment shows areas of conserved sequence between the phytases, with completely conserved 
sequence residues highlighted in yellow. The sequence alignment highlights the conserved phytase 
active site, RHGXRXP as described, e.g., by Wodzinski and Ullah, "Phytase", in Advantages in 
Applied Microbiology, vol. 42, 1996, Academic Press, Inc. (copy attached) (see also, Berka (1998) 
Applied and Environ. Biol. 64:4423-4427; Kerovuo (1998) Applied and Environ. Biol. 64:2079- 
2085) (copies attached). Accordingly, one of skill in the art at the time of the invention would have 
had sufficient knowledge of the structure-function relationship of phytases and phytase active sites 
to design variant phytase sequences without undue experimentation. 

The Patent Office also remains concerned about the size of the genus of claimed 
nucleic acids (including the genus of nucleic acids used in the methods of the invention). To 
address the Office's concerns, the claimed genus (see new claims 47 to 76) is amended such that the 
claimed phytases are further limited such that their sequences must have at least about 50% 
sequence identity to SEQ ID NO:2. 

In conclusion, Applicants respectfully submit that one of ordinary skill in the art 
using the teaching of the specification would have been able to make and use polypeptides of 
having conservative amino acid substitutions, or fragments of SEQ ID NO: 2 having phytase 
activity. Successful results, including the identification of polypeptides having various conservative 
amino acid substitutions and having phytase activity using routine screening methods, were 
predictable. Accordingly, Applicants respectfully submit that the pending claims meet the 
enablement requirements under 35 U.S.C. §112, first paragraph. In light of the above remarks, 
Applicants respectfully submit that amended claims are fully enabled by and described in the 
specification to overcome the rejection based upon 35 U.S.C. §112, first paragraph. 
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Non-statutory Double Patenting 

Claims 1 to 13, 16-27, 29 to 32 and 34 and new claims 35-46 stand provisionally 
rejected under the judicially created doctrine of obviousness-type double patenting over claims 1- 
15, 17-26, and 91-94 of copending application number 10/430,356. 

Applicants note that in copending application number 10/430,356, only claims 45, 46, 
52, 53, 73, 87, 91, and 95-123 are currently pending. 

Applicant wish to hold this issue in abeyance until such time claims are held allowable. 
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CONCLUSION 

In view of the foregoing amendment and remarks, Applicants respectfully aver that the 
Examiner can properly withdraw the rejection of the pending claims under 35 U.S.C. §112, first and 
second paragraphs. In view of the above, claims in this application after entry of the instant 
amendment are believed to be in condition for allowance. Accordingly, the Examiner is 
respectfully requested to withdraw the outstanding rejections of the claims and to pass this 
application to issue. 

In the event the U.S. Patent and Trademark office determines that an extension and/or 
other relief is required, applicant petitions for any required relief including extensions of time and 
authorizes the Commissioner to charge the cost of such petitions and/or other fees due in connection 
with the filing of this document to Deposit Account No. 03-1952 referencing docket no. 
564462001802. However, the Commissioner is not authorized to charge the cost of the issue fee to 
the Deposit Account. 

As noted above, Applicants have requested a telephone conference with the undersigned 
representative to expedite prosecution of this application. After the Examiner has reviewed the 
instant response and amendment, please telephone the undersigned at 858 720 5133. 



Dated: November 23, 2004 




Registration No.: 38,440 
MORRISON & FOERSTER LLP 
3811 Valley Centre Drive, Suite 500 
San Diego, California 92130 
(858) 720-5133 
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Phytases (wyo-inositol hexakisphosphate phosphohydrolases) are found 
naturally in plants and microorganisms, particularly fungi. Interest in these 
enzymes has been stimulated by the fact that phytase supplements increase 
the availability of phosphorus in pig and poultry feed and thereby reduce 
environmental pollution due to excess phosphate excretion in areas where 
there is intensive livestock production. The wild-type phytases from six 
different fungi, Aspergillus niger, Aspergillus terreus, Aspergillus fumigatus, Emericella nidulans, 
Myceliophthora thermophila, and Talaromyces thermophilus, were overexpressed in either filamentous 
fungi or yeasts and purified* and their biophysical properties were compared with tiipse of a phytase 
from Escherichia coll AllMthe phytases examined are monomelic proteins. WhilJ|£ coli phytase is a 
nonglycQ&llated enzyme, tBglycosylation patterns of the fungai jfc^tases proved 
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differing for individual phytases, for a given phytase produced in different expression systems, and for 
individual batches of a given phytase produced in a particular expression system. Whereas the extents of 
glycosylation were moderate when the fungal phytases were expressed in filamentous fungi, they were 
excessive when the phytases were expressed in yeasts. However, the different extents of glycosylation 
had no effect on the specific activity, the thermostability, or the refolding properties of individual 
phytases. When expressed in A. niger, several fungal phytases were susceptible to limited proteolysis by 
proteases present in the culture supernatant. N-terminal sequencing of the fragments revealed that 
cleavage invariably occurred at exposed loops on the surface of the molecule. Site-directed mutagenesis 
of A. fumigatus and E. nidulans phytases at the cleavage sites yielded mutants that were considerably 
more resistant to proteolytic attack. Therefore, engineering of exposed surface loops may be a strategy 
for improving phytase stability during feed processing and in the digestive tract. 
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Phytic acid (/rzyo-inositol hexakisphosphate) is the major storage form of 
phosphorus in plants. In the context of human and animal nutrition, the 
following two aspects of phytic acid are critically important (]_8, 29): (i) 
monogastric animals have only low levels of phytate-degrading enzymes in 
their digestive tracts, and since phytic acid itself is not resorbed, feed for pigs 
and poultry commonly is supplemented with inorganic phosphate in order to 
meet the phosphorus requirements of these animals; and (ii) phytic acid is an antinutrient factor, since it 
forms complexes with proteins and a variety of metal ions and therefore decreases the dietary 
availability of these nutrients. 

Because of these problems, there is considerable interest in phytate-degrading enzymes. The phytases 
(myo-inositol hexakisphosphate 3- and 6-phosphohydrolases; EC 3.1.3.8 and 3.1.3.26) are a subfamily of 
the histidine acid phosphatases (14) and are found naturally in plants and microorganisms, particularly 
fungi. As a class, the phytases have been rather poorly characterized biochemically (for a recent review 
see reference 29). In order to more clearly define this class of enzymes, several phytases of fungal origin 
have been cloned and overexpressed by workers in our company (1 4-1 6). In this paper we describe the 
purification of these fungal phytases, the structural and biophysical properties of these enzymes, and the 
results of a comparison with a prokaryotic phytase from Escherichia coli. 



* MATERIALS AND METHODS 

Expression in Aspergillus niger. The DNA fragments encoding the A. niger 
CB (30), Aspergillus terreus 9A1 (GenBank accession no. U59805), 
Aspergillus fumigatus (GenBank accession no. U59804), Emericella nidulans 
(GenBank accession no. U59803), mA^celiophthora thermophila 
(GenBank accession no. U59806) phytlll were ligated as 5' Ncol or BspUl 
(introduced sites aiA ^M SG start codon^l; blunt-ended fragments » * a,.. 




* Tor 

* Abstract 

A Int roduction 

■ Materials and methods 

Results 
^ Discussion 
T References 




downstream of the glaA promoter into the Ncol-EcoRV site of the expression vector, as described by 
Mitchell et al. (J_4) and Pasamontes et al. (15). Transformation of A. w/gerNW205 {uroT arg~ nic"; 
kindly provided by F. Buxton) and screening for phytase-producing transformants were also done as 
described previously (15). 

The phytase of A. niger (Natuphos; GenBank accession no. Z164 14 ) was a commercial preparation 
obtained from BASF (Ludwigshafen, Germany) and was purified to homogeneity by anion-exchange 
chromatography. 

Expression in Saccharomyces cerevisiae. The phytase genes were cloned into pScer-Rol 1, a 2ja-based 
vector harboring a shortened version of the gap(FL) promoter and the pho5 terminator (12). as well as 
the ura3 gene as a selection marker. The intronless phytase genes of A. fumigatus, A. niger CB, and 
A. terreus CBS were cloned as EcoKL-EcoRV fragments downstream of the gap(FL) promoter in the 
EcoJU-BamHl blunt-ended expression cassette. The gene for E. nidulans phytase was cloned as an 
EcoRI fragment into the corresponding site of pScer-Rol 1. S. cerevisiae YMR4 (ura~ his" levT pho3~ 
pho5"\ kindly provided by M. Riederer) was used for transformation. Individual transformants were 
grown initially for 1 to 2 days in minimal medium- Phytase production was tested after subsequent 
culture for 2 to 3 days in YPD medium. 

Expression in Hansenula polymorphs The phytase genes (intronless) of A. terreus CBS (GenBank 
accession no. U60412), A. fumigatus, and Talaromyces thermophilus (GenBank accession no. U59802 ) 
were cloned as EcoRI fragments into the corresponding site of the K polymorpha expression vector pFP 
(4) downstream of the formate dehydrogenase (FMD) promoter (9). The resulting plasmids were 
transformed into H. polymorpha RBI 1 (ura~). About 300 to 400 transformants of each construct were 
inoculated into minimal medium (YNB containing 2% glucose). After several passages under selective 
pressure to force multiple integration of the expression plasmids into the genome of//, polymorpha, 
single stable clones were tested for phytase activity. 

In order to obtain acceptable expression levels, the first 35 N-terminal amino acids of the 
T. thermophilus phytase were replaced by the amino acid sequence 

MGVFVVLLSIATLFGSTSGTALGPRGNHSK SCDTA 35 (the underlined amino acids originate from 

A. terreus CBS phytase and contain the signal sequence). Amino acids K 30 SCDTA 35 were unrelated 

residues resulting from the cloning strategy used to replace the N terminus. Computer modelling of the 
chimeric T. thermophilus phytase suggested that modification of the first 16 amino acids of the mature 
protein was not likely to have an effect on the biochemical properties of the enzyme. 

Protein purification. Independent of the expression system used, the culture broths (typically 500 to 
1,000 ml) were centrifuged to remove the cells and were concentrated by ultrafiltration with Amicon 
8400 cells (PM30 membranes; Grace AG, Wallisellen, Switzerland) and ultrafree-15 centrifugal filter 
devices (Biomax-30K; Millipore, Bedford, Mass.). The concentrates (typically 1.5 to 5 ml) were 
desalted with either Fast Desalting HR 10/10 or Sephadex G-25 Superfine columns (Pharmacia Biotech, 
Dubendorf, Switzerland); 10 mM sodium acetate (pij|0) was used as the elution buffer. The desalted 
A. fumigatus samples were direcftl ^lid ed onto, a L7™1 Poros HS/M cation-exchange chromatography 
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column (PerSeptive Biosystems, Framingham, Mass.). When the other phytases were expressed in 
A. niger or H. polymorphs they were loaded onto a 117-rnl Poros HQ/M anion-exchange 
chromatography column. During both anion-exchange and cation-exchange chromatography, phytase 
was eluted in pure form by using an optimized sodium chloride gradient. 

All of the phytases expressed in S. cerevisiae (except A. foimigatits phytase) were brought to 2 M (NH^) 

2 S0 4 after desalting and were loaded onto a 1-ml Butyl Sepharose 4 Fast Flow hydrophobic interaction 

chromatography column (Pharmacia Biotech). The enzymes were eluted with a linear 2 to 0 M (NH 4 ) 

2 S0 4 gradient in 10 mM sodium acetate (pH 5.0). The phytases eluted in the breakthrough and were 

concentrated and loaded onto a 120-ml Sephacryl S-300 gel permeation chromatography column 
(Pharmacia Biotech). They eluted as symmetrical peaks and were determined to be pure by sodium 
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). 

E. coli phytase. In order to clone the appA gene of E. coli 9 total DNA from E. coli Ml 5 (25) was 
prepared as described by Davis et al. (3). A 500-ng portion of this DNA was used in a PCR performed 
with the following primers designed by using the appA sequence published by Dassa et al. (2) (GenBank 
accession no. M58708 ): appA I (5'-AAACATATrC4TG^ AAGCGATCTTAATCCCA-3 1 ), including an 
Real site (sequence in italics); and appA II (5 '-ATATAGGA TCCCAA ACTGAC AGCCGGTTATGCG- 
3'), including a BamUl site (sequence in italics). The PCR was performed as described by the 
manufacturer (Expand High Fidelity PCR kit; Boehringer, Mannheim, Germany) by using a 
hybridization temperature of 55°C. The resulting PCR product was separated from the primers by using 
a PCR purification kit obtained from Qiagen (Hilden, Germany), was digested with BamHl and Real, 
and was purified by agarose gel electrophoresis and a subsequent gel elution step (Qiaex II; Qiagen). 
The appA gene was ligated into the BamHl and Ncol sites of the pBluescript II SK vector (Stratagene, 
La Jolla, Calif.). A DNA sequence analysis of the gene revealed two differences when it was compared 
to the sequence deposited by Dassa et al. (2). One of these differences was a change from A to G at 
position 620. This difference also affected the amino acid sequence of the appA gene product; the 
glycine at position 207 was replaced by aspartic acid. The second sequence difference was at position 
984 (change from G to A) and was a silent mutation. The appA gene was transferred into the pQE60 
expression vector (Qiagen) containing a C-terminal 6xHis tag and a short linker sequence (Gly-Ser-Arg- 
Ser-His-His-His-His-His-His) and was transformed into E. coli BL21 (Stratagene). 

A 500-ml portion of Luria-Bertani medium containing 200 \xg of ampicillin per ml and 30 \xg of 
kanamycin per ml was inoculated with 8 ml of an overnight culture of strain BL21 harboring the appA 
expression plasmid. When the culture reached an optical density at 600 nm of 1.0, the cells were induced 
with 1 mM IPTG (isopropyl-P-D-thiogalactopyranoside) and incubated for an additional 5 h at 37°C with 
vigorous shaking. The cells were harvested by centrifugation at 4000 x g for 20 min, resuspended in 
30 ml of sonication buffer (50 mM sodium phosphate [pH 8.0], 300 mM NaCl, 1 mM 
phenylmethylsulfonyl fluoride, 20 mM imidazole, 1 mg of lysozyme per ml). The suspension was 
incubated on ice for 15 min before the cells were disrupted by sonication (Vibra Cell 72408; Bioblock 
Scientific Jpkirch, France) at 60% power by using 2.5-s bursts, 2.5Elcooling periods, and a net 
sonicationf^pe of 3 min. The supernatant was defied by centrifugation at 10,000 x g for 15 min, t 




.BiophysicalJCharl^ of 1 8 




mixed with 8 ml of Ni -agarose (50% resin suspension), equilibrated with sonication buffer, and 
incubated for 1 h on ice. Then the mixture was poured into a column and washed with 85 ml of 
sonication buffer. Phytase was eluted with 40 ml of 20 mM sodium acetate buffer (pH 4.5) containing 
300mMNaCL 

* SDS-PAGE and IEF. SDS-PAGE was performed on 8 to 16% Tris-glycine gradient gels, and 
isoelectric focusing (IEF) was performed on IEF pH 3 to 7 or pH 3 to 10 gels (Novex, San Diego, 
Calif.). The gels were stained with colloidal Coomassie blue (Novex) or were semi-dry-blotted onto 
Immobilon P S( ^ (polyvinylidene difluoride) membranes (Millipore) and then stained with amido black 
(naphthol blue black). 

Gel permeation chromatography. The molecular sizes of the purified proteins were determined at 
room temperature by gel filtration performed with a calibrated Superdex 200 column (fast-protein liquid 
chromatography; Pharmacia Biotech). The elution buffer normally contained 50 mM sodium phosphate, 
: 150 mM NaCl, 0.2 mM Na^DTA, 2 mM 2-mercaptoethanol, and 1 mM sodium azide (pH 7.2). In 

order to determine the effect of phosphate on the molecular size of A. fumigatus phytase, gel permeation 
chromatography was also performed with an elution buffer containing 100 mM sodium acetate (pH 5.0). 

* The gel filtration column was calibrated for both elution buffers with high- and low-molecular- weight 
kits obtained from Pharmacia Biotech, which contained thyroglobulin {M f , 749,000; Stokes radius, 

85.0 A), ferritin (M r , 421,000; Stokes radius, 61.0 A), catalase (M r , 21 1,000; Stokes radius, 52.2 A), 

. aldolase (M r , 163,000; Stokes radius, 48.1 A), bovine serum albumin (M r , 71,700; Stokes radius, 

35.5 A), ovalbumin (M r , 45,700; Stokes radius, 30.5 A), chymotrypsinogen A (M r , 20,200; Stokes 

radius, 20.9 A), and RNase A (M r , 15,700; Stokes radius, 16.4 A). 

Analytical ultracentrifugation. Analytical ultracentrifugation was performed in 10 mM sodium acetate 
(pH 5.0) by using a model Optima XL-A ultracentrifuge (Beckman, Palo Alto, Calif.) equipped with a 
type An-60 Ti rotor and cells having standard double-sector Epon aluminum- filled centerpieces. The 
data were analyzed with the program DISCREEQ of Schuck (20), which is based on an iterative 
Marquardt procedure. The specific volume of a protein depends not only on the amino acid sequence but 
also on the extent and type of glycosylation. Since glycosylation of fungal phytases most likely is the 
high-mannose type of glycosylation, all sugars were assumed to be mannose. This assumption was a 
simplification but introduced only a small error into the M r calculation. 

Mass spectrometry. The peptides of interest obtained from trypsin digestion of A, niger phytase (Fig. 
1) were analyzed by electrospray mass spectrometry. All analyses were performed in the positive ion 
mode with a triple quadrupole instrument (model API III; SCIEX, Concord, Ontario, Canada). Scans 
between mlz 400 and mlz 1600 were recorded with 0.2-average-mass-unit steps. A. fumigatus phytase 
was analyzed with a PerSeptive Biosystems Voyager Elite mass spectrometer equipped with a reflectron 
and delayed extractionuThe ion acceleration voltage was 20 kV, and the results.pf 100 to 200 scans were 




averaged. 
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FIG. 1. Separation of A. niger phytase fragments by 
reversed-phase HPLC after carboxymethylation and trypsin 
digestion of the protein. For experimental details see the text. 
AU, arbitrary units. 
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N-terminal sequencing and calculation of theoretical M f and pi values. Automated Edman 
degradation of purified phytases was performed with a model ABD 494HT sequencer (Perkin-Elmer, 
Foster City, Calif.) with on-line microbore phenylthiohydantoin-amino acid detection. Theoretical M r 

and pi values were calculated from the amino acid sequences of the native proteins (without a signal 
sequence) with the programs EditSeq and Protean from the Lasergene software package of DNASTAR 
Inc. (Madison, Wis.). 

Proteolytic susceptibility of A. fumigatus phytase mutants. Purified A. fumigatus wild-type phytase 
and the A. fumigatus phytase mutants S126N and R125L/S126N were pretreated for 20 min at 90°C in 
order to inactivate potentially interfering traces of protease and then were renatured in the cold. 
Subsequently, they were incubated at 50°C at a concentration of 175 (ig/ml in 10 mM sodium acetate 
(pH 5.0) with a 1 :400-diluted 3 -day culture supernatant of A. niger NW205 containing proteolytic 
activity. After 0, 20, 40, 60, 90, and 120 min of incubation, aliquots were subjected to SDS-PAGE or 
phytase activity was measured at 37°C. In control experiments, A. fumigatus wild-type phytase was 
incubated under the same conditions without NW205 culture supernatant or with N W205 culture 
supernatant that had been pretreated for 20 min at 90°C in order to inactivate the protease(s). 

Identification of the glycosylation sites of A. niger phytase. A. niger phytase was S- 
carboxy methylated and digested with trypsin in 100 mM ammonium bicarbonate buffer (pH 8.0) at a 
phytase-to-protease ratio of 50:1 (wt/wt) for 18 h at 37°C. The reaction was stopped by adding 10% 
trifluoroacetic acid. The proteolytic fragments were separated at room temperature by reversed-phase 
high-performance liquid chromatography (HPLC) by using a C ]8 column (250 by 2.1 mm; Vydac, 

Hesperia, Calif.) and a linear 0 to 95% acetonitrile gradient in 0.1% trifluoroacetic acid (Fig. 1). All of 
the peptides were collected and analyzed by electrospray mass spectrometry. In addition, fractions 
9, 17, 21, 27 to 30, 35, 37, and 43 to 45 (Fig. I) were analyzed by Edman degradation. Assignments of 
glycosylated Asn residues were made on the basis of the absence of the phenylthiohydantoin derivative 
of Asn in the corresponding Edman cycles and by comparison of the peptide sequences with the 
predicted sequence of A. niger phytase. 

Phytase activity measurements. PKjlase activity was measured in an assay mixture contairfing 0.5% 
(-5 mM) phytic ac idsgin d 200 mM s^wm acetate (pH 5.0). After 1 5 min of incubation at 37^|or at 
temperatures be^^^7 and 90°C\I^Rreaction was stopped by adding Lanjflgal volume of f^p 




sical Chara cterization of Fungal Phyfases fa Hexakisphosphate Phosph... Page 7 olTT8 

trichloroacetic acid. The liberated phosphate ions were quantified by mixing 100 of the assay mixture 
with 900 \xl of H 2 0 and 1 ml of 0.6 M H 2 S0 4 -2% ascorbic acid-0.5% ammonium molybdate. Alter 

20 min of incubation at 50°C, absorbance at 820 nm was measured. Standard solutions of potassium 

phosphate were used as a reference. One unit of phytase activity was defined as the amount of activity 
that liberates 1 (imol of phosphate per min at 37°C. 
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RESULTS 



Purification of the phytases. Phytase genes from different fungal species 
were expressed in three different host organisms. ^. fumigatus phytase is the 
only fungal phytase having an isoelectric point greater than 7.0 (Table 1). 
Since the pi of this phytase is considerably higher than the pis of all of the 
extracellular proteins produced by the different expression strains, 
purification of A. fumigatus phytase was essentially a one-step procedure. As 
Fig. 2 shows, A. fumigatus phytase eluted as a symmetrical peak from a cation-exchange 
chromatography column. Probably because of acidic glycosylation, the pi of A. fumigatus phytase 
expressed in H. polymorpha was less than 4.0 (Fig. 3 A). Nevertheless, cation-exchange chromatography 
could still be used for purification of this protein, although the capacity was much lower (data noa 
shown). 
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TABLE 1. Isoelectric points of fungal and E. coli phytases 
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FIG. 2. Purification of A. fumigatus phytase by cation- 
exchange chromatography. An aliquot of a concentrated 
A. niger culture supernatant containing A. fumigatus phytase 
was loaded onto a 1.7-ml Poros HS/M cation-exchange 
chromatography column and eluted with a linear sodium 
chloride gradient. A, fumigatus phytase eluted as a 
symmetrical peak at an elution volume of approximately 
15.5 ml. OD, optical density; a.u., arbitrary units. 




FIG. 3. Extent of glycosylation and its effect on the 
isoelectric point of A. fumigatus phytase in different 
expressiSptems. (A) IEF pH 3 to 10 gel. (B) SDS-PAGE 
gel. Puri|l^A fumigatus phytase was expressedjin A. nigmr 
(lanes 1 )WmPolymorpha (lanes 2), or S. ceremsm^dams 3| 
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(two lanes with different protein concentrations were used for 
each expression system). Lane H, high-pi kit (Pharmacia 
Biotech); lane B, broad-pi kit (Pharmacia Biotech) (from top 
to bottom, pi 

8.65, 8.45, 8.15, 7.35, 6.85, 6.55, 5.85, 5.20, 4.55, and 3.50); 
lanes M, Mark 12 molecular weight standard (Novex) 
containing myosin (Af r , 200,000), P-galactosidase{(l 16,300), 

phosphorylase b (97,400), albumin (66,300), glutamic 
dehydrogenase (55,400), lactate dehydrogenase (36,500), 
carbonic anhydrase (31,000), trypsin inhibitor (21,500), 
lysozyme (14,400), and aprotinin (6,000). 



The other fungal phytases expressed in A. niger or H. polymorpha had pi values that were less than 
5.5 and, accordingly, could be purified by anion-exchange chromatography (data not shown). Although 
the high level of glycosylation associated with expression in S. cerevisiae had no effect on the pi of 
A niger CB, A. terreus CBS, or E. nidulans phytase (data not shown), all attempts to bind these proteins 
to anion-exchange chromatography columns failed. Consequently, we used an alternative approach, in 
which these proteins were subjected to hydrophobic interaction chromatography followed by preparative 
gel permeation chromatography, which yielded homogeneous products (data not shown). 

N-terminal sequences. In no instance did the N terminus of the mature fungal phytase that was 
determined experimentally (Table 2) correspond to the N terminus that was predicted on the basis of the 
von Heijne rules (26, 27). This finding is surprising and contrasts with observations made with other 
acid phosphatases (data not shown). Whether this deviation from the theoretical results is an inherent 
property of phytases or whether the initial processing conformed to the von Heijne rules but was 
followed by additional proteolytic cleavage could not be determined in this study. However, the latter 
possibility was supported by the finding that the A. niger NRRL 3 1 35 (24), A, niger CB, A. terreus CBS, 
and E. nidulans phytases had multiple N-terminal sequences (Table 2). In the case of E. c&li phytase, our 
sequence data agree with previously published N-terminal sequence data for the protein (2, 6). However, 
the amount of amino acid recovered in the Edman cycles was small compared with the amount of 
purified protein applied, suggesting that a large proportion of E. coli phytase is N-terminsflly blocked. 



TABLE 2. N-terminal sequences of fungal and E. coli phytases 
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Biophysical properties of fungal phytases are not affected by different extents of glycosylation. A. 

fumigatus phytase was expressed in three different expression systems, A. niger, H. polyrmorpha, and 
5. cerevisiae. In all of these expression systems, the protein was glycosylated, although to different 
extents (Fig. 3B). While glycosylation was moderate in A. niggr, it was excessive and higtily variable in 



K pSknorpha and S. cerevisiae, as indicated by the broad b|||s spanning M r s ranging ffcom 75,000 to 
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phytase expressed in the same expression system (Table 3). 



TABLE 3. Molecular sizes of fumgal and E. coli phytases as determined 
View this table: experimentally or by using the amino acid sequences of the mature proteins 

[in this wi ndow] 
[in a new window] 



When the protein was expressed in A. niger and S. cerevisiae, the different extents of glycosylation 
either had no or only a minor effect on the pi of the protein, suggesting that glycosylation was neutral 
(Fig. 3 A). On the other hand, the pi of A. fumigatus phytase expressed in H. polymorpha was less than 
4.0. Since deglycosylation with endoglycosidase Fl resulted in a pi of >8.0 (data not shown), the latter 
finding must have been due to acidic glycosylation. Remarkably, the different extents and patterns of 
glycosylation had no significant effect on the specific activity of the enzyme (30. 

Virtually identical observations were made with A. niger CB, A. terreus CBS, and E. nidulans phytases 
which were also produced in different expression systems (data not shown). 

Different extents of glycosylation may have an impact on the structure, stability, and function of 
proteins (JJ_, 19, 28). In order to determine whether the extent of glycosylation had an effect on phytase 
stability, the activities of A. fumigatus phytase expressed in A. niger, H. polymorpha, or & cerevisiae 
(Fig. 4A) and the activities of A. niger CB phytase expressed in A. niger or S. cerevisiae (Fig. 4B) were 
measured at a range of temperatures between 37 and 90°C. Evidently, the different extents of 
glycosylation had no effect on the thermostabilities of these two phytases. In addition, A. niger CB 
phytase expressed in either A. niger or S. cerevisiae was incubated for 20 min at temperatures between 
37 and 90°C and then was incubated for 1 h at 4°C in order to allow (partial) refolding of the heat- 
denatured protein. Subsequent activity measurements at 37°C (Fig. 4C) revealed that the different 
extents of glycosylation had no effect on the refolding properties. 




FIG. 4. Different extents of glycosylation do not affect the thermostability 
and refolding of phytase. The enzymatic activity of A. fumigatus phytase (A) 
expressed in A. niger (□), K polymorpha (♦), or S. cerevisiae (A) and the 
enzymatic activity of A. niger CB phytase (B) expressed in A. niger (□) or 
S. cerevisiae (A) were measured at a series of temperatures between 37 and 
90°C. (C) A, niger CB phytase expressed in A niger (□) or £ cerevisiae (A) 
was incubated for 20 min at 37, 45, 50, 53, 56, 60, 65, 70, 80, or 90°C and 
then for 1 h at 4°C. Subsequently, phytase activity was measured at 37°C. It 
is evident that the different extents of glycosylation had no or only minor 
effects on the thermostability and refolding properties of the phytases. 
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Fungal phytases are monomelic proteins. The molecular sizes of the phytases were determined by 
SDS-PAGE, analytical ultracentrifugation, gel permeation chromatography, and mass spectrometry and 
were calculated theoretically by using the amino acid sequences of the mature proteins (Table 3). While 
SDS-PAGE, mass spectrometry, and amino acid sequence determinations provided the M f of the 

protomers, analytical ultracentrifugation and gel permeation chromatography provided values for the 
native proteins. The results obtained by the different methods agreed closely, and the data showed that 
all of the phytases investigated are monomeric proteins. There was no indication of higher oligomeric 
forms of phytase in any experiment. This interpretation is consistent with the results of an analysis of the 
three-dimensional structure, which also showed that the A. niger phytase is a monomeric protein (13). 

The difference between the M r determined by SDS-PAGE and the M f calculated by using the amino acid 

sequence is an indication of the extent of glycosylation of a protein. In the examples listed above, the 
extent of glycosylation ranged from 20 to 65% of the total M r , but it may be even higher. While mass 

spectrometry of E. coli phytase was straightforward, a broad, diffuse peak was obtained for A. fumigatus 
phytase. This finding is consistent with the difficulties encountered with mass spectrometry of highly 
glycosylated proteins. 

For all of the glycosylated phytases, gel permeation chromatography consistently gave a higher M x than 

expected. The difference between the values determined by gel filtration and SDS-PAGE (or analytical 
ultracentrifugation) increased with the extent of glycosylation, which was calculated from the difference 
between the M x obtained by SDS-PAGE (or analytical ultracentrifugation) and the M x obtained by amino 

acid sequence analysis (Fig. 5). Therefore, the higher M r s obtained by gel filtration are most likely 
artifacts due to glycosylation. Similar observations have previously been made for Sephadex columns, in 
which glycoproteins also eluted earlier than expected (1). 
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FIG. 5. Gel filtration artifacts due to protein glycosylation. 
Gel permeation chromatography of the glycosylated phytases 
resulted in higher M r s than expected on the basis of SDS- 
PAGE, mass spectrometry, or analytical ultracentrifugation 
data. The overestimation, as expressed by the difference 
between the M r s obtained by gel filtration and SDS-PAGE (y 

axis), increased with the extent of protein glycosylation, as 
expressed by the difference between the M r s obtained by 

SDS-PAGE and amino acid sequence analysis (x axis). The 

regression line has the equation y = 904.1 + 0.9203* and an R 

value of 0.837. The data were obtained from Table 3. Data 

point 1, M thermophila phytase; data point 2, A. terreus 9A1 

phytase; data point 3, E. nidulans phytase; data point 

4, A. niger phytase (Natuphos); data point 5, A. fumigatus 

phytase; data point 6, A. niger CB phytase; data point 

7, A. terreus CBS phytase. GF, gel filtration; SB, sequence 

analysis. j|| 
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Isoelectric points. The isoelectric points of the different phytases were calculated by using the amino 
acid sequences of the mature proteins (without signal sequences) and were determined experimentally by 
IEF (Table 1). In general, there was a good correlation between the calculated and observed pi values, 
and the maximum difference was 1 .28 pH units. This suggests that glycosylation in most instances either 
had no effect or had only a minor effect on the pi of the protein. The only exceptions were phytases 
expressed in K polymorphs in which a pronounced shift to acidic pi values and considerable pi 
heterogeneity were observed (Fig. 3 A). As Table I shows, A.fumigatus phytase is peculiar in that it has 
a much higher pi than all of the other fungal phytases. Since the pi of this phytase also is higher than the 
pi values of most extracellular proteins produced by the expression strains used, A. fumigatus phytase is 
particularly suited to easy and efficient purification on an industrial scale. Because of the differences in 
pi values between individual phytases or for a single phytase expressed in different production hosts, 
different strategies had to be used for protein purification (see above). 

Site-directed mutagenesis of surface-exposed cleavage sites decreases the proteolytic susceptibility 
of fungal phytases. When expressed in ,4. niger and stored as concentrated culture supernatants at 4°C, 
the phytases from A. fumigatus, E. nidulans, A. terreus 9A1 , and M. thermophila had a tendency to 
undergo proteolytic degradation (data not shown). The results of N-terminal sequencing of the fragments 
(V 153 VPFIRASGS for A.fumigatus phytase, R lg7 ATPVVNV and A 188 TPVVNV for E. nidulans 

phytase, XP 192 SPRVDVAI for A. terreus 9A1 phytase, and G 2g2 RPLSPFXR for M. thermophila 

phytase) suggested that cleavage occurred between amino acids S-152 and V-153, K-186 and R-187 or 
R-187 and A- 188, H- 1 90 and Q- 191, and N-281 and G-282, respectively. A comparison with the three- 
dimensional structure of A. niger phytase (13) and homology modelling of the other phytases (23a) 
revealed that all of the cleavage sites occur within surface-exposed loop structures or turns and are 
therefore accessible to proteases. While limited proteolysis of the A. fumigatus phytase between amino 
acids 152 and 153 was associated with pronounced or even complete inactivation of the enzyme (Fig. 
6B), cleavage of the E. nidulans phytase between amino acids 186 and 187 or between amino acids 
187 and 188 seemingly had no effect on the specific activity (data not shown). The two proteolytic 
fragments of both phytases remained associated with each other, as shown by gel permeation 
chromatography, as well as by copurification (data not shown). Site-directed mutagenesis at the 
protease-sensitive sites of A. fumigatus phytase (S152N and R151L/S152N) (Fig. 6B) and E. nidulans 
phytase (K186G/R187Q) (data not shown) yielded mutant proteins whose susceptibility to proteolysis 
was reduced considerably. On the other hand, the R151L and S152N mutations had no effect on the 
specific activity of A. fumigatus phytase; which was 20.3, 20.5, and 21.2 U/mg after heat pretreatment — - 
for the wild-type, the R151L/S152N, and the S152N enzymes, respectively. 
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FIG. 6. Proteolytic susceptibility of A. fumigatus phytase 
expressed in A niger. (A) Purified A.fumigatus phytase was 
incubated at 50°C with a diluted A. niger NW205 culture 
supernatant containing proteolytic activity. After 
0, 10, 20, 30, 45, 60, and 90 min of incubation, aliquots were 
subjected to SDS-PAGE (lanes 1 to 7, respectively). Lane M 
cojlained the Mark 12 molecular weight standard (see thef^ 
lepnd to Fig. 3). (B) A.fumigatus wild-type phytase (♦), 
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A.fumigatus S126N (■), and A. fumigatus R125L/S126N (A) 
were incubated with diluted N W205 culture supernatant at 
50°C for 0, 10, 20, 30, 45, 60, and 90 min, and then phytase 
activity was measured at 37°C. As controls, A. fumigatus 
wild-type phytase was incubated under the same conditions 
without NW205 culture supernatant (o) or with NW205 
culture supernatant that had been pretreated for 20 min at 90° 
C in order to inactivate the protease(s) (a). The decreased rate 
of inactivation of the mutants was paralleled by much slower 
accumulation of degradation products on SDS-PAGE gels 
(data not shown). 

In contrast to expression in A. niger, problems of proteolytic degradation were not encountered when the 
phytases were expressed in H. polymorpha (data not shown). 

Identification of the glycosylation sites of A niger phytase. A. niger phytase has 10 potential sites for 
N-linked glycosylation of the Asn-X-Ser/Thr type; these sites occur at residues 
27, 59, 105, 120, 207, 230, 339, 352, 376, and 388, all of which are exposed on the surface of the 
molecule, as determined by an examination of the three-dimensional structure (il). In order to identify 
which of these residues are actually glycosylated in the mature protein, A. niger phytase was reduced, 
carboxy-methylated, and digested with trypsin. The proteolytic fragments were separated by reversed- 
phase HPLC (Fig. 1) and analyzed by electrospray mass spectrometry and Edman sequencing. Asn 
residues 27 (four peptides analyzed), 105 (one peptide analyzed), 207 (two peptides analyzed), 230 (two 
peptides analyzed), 339 (one peptide analyzed), and 376 (three peptides analyzed) were glycosylated in 
all of the peptides analyzed. In contrast, Asn-59 and Asn- 120 were both glycosylated in only one of the 
two peptides examined. No glycosylation was observed for Asn-352 and Asn-388 in the one and three 
peptides analyzed, respectively. The incomplete glycosylation of Asn residues 59 and 120 may be one of 
the reasons for the M r heterogeneity of A. niger phytase. 
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Depending on the application, an enzyme in which there is commercial 
interest should fulfill a series of predefined quality criteria. In the case of 
phytase, which is added to animal feed to increase the availability of 
phosphorus, these criteria include high specific activity, broad substrate 
specificity, a broad pH optimum, and good stability during storage, feed 
pelleting, and passage through the digestive tract. Thermostability is a 
particularly important issue since feed pelleting is commonly performed at temperatures between 65 and 
95°C. In order to obtain information which can be used for engineering improved phytases, the range of 
phytase properties that occur in nature was investigated intihis study by biochemically and biophysically 
^characterizing different wild-type phytases, most of whjeh were fungal phytases. 

i comparison of the molecular siz^^^ined by analyfpti ultracentrifugation, gel permea^^g 



Biop H y^cal Ch^ai^izatiori of F ungal Phytases (m yo-Ihosil^i ^ Phos... Pag e 13 of 18 

chromatography, mass spectrometry, SDS-PAGE, and amino acid sequence analyses (Table 3), as well 
as by X-ray crystallography (13), clearly showed that all of the fungal phytases considered as well as 
E. coli phytase are monomeric proteins. This conclusion is consistent with the findings of Ullah and 
coworkers for fungal and soybean seed phytases (5; for a review see reference 29), of Greiner et al. (6, 
7) for E. coli and Klebsiella terrigena phytases, and of Shimizu ( 22 ) for Bacillus subtilis phytase. On the 
other hand, the phytases of A. terreus, Aspergillus oryzae, Schwanniomyces castellii> and maize roots 
were reported to be homohexameric, heterotetrameric or dimeric proteins (10, 21, 23, 32). The proposed 
hexameric structure of A, terreus phytase is particularly surprising, since in our study there was no 
indication of oligomeric forms of A. terreus phytases isolated from two different strains. Since inorganic 
phosphate might act as an effector molecule for phytases and the phosphate normally present in the gel 
filtration buffer may therefore have caused dissociation of phytase oligomers into monomers, gel 
permeation chromatography was also performed in the absence of inorganic phosphate. Again, there was 
no indication of higher oligomeric forms (data not shown). 

In the four conflicting examples mentioned above, the molecular sizes of the phytases were determined 
by gel filtration on Sephadex G-200, Sepharose S-200, and Sephacryl HR S300 (JO, 21, 32) or by native 
PAGE (23). As shown previously (1) and in this study (Fig. 5), gel filtration of glycosylated proteins 
results in overestimates of the molecular sizes, and the error increases with the extent of glycosylation. 
Calculation of the M r from gel filtration experiments is based on the assumption that the proteins have a 

compact globular shape. As indicated by Andrews (1), glycoproteins may "have more expanded 
structures [...], which may well be due to a greater hydration in solution of carbohydrate chains as 
compared with polypeptide chains." In conclusion, gel permeation chromatography and possibly also 
native PAGE should not be considered reliable techniques for determining the molecular sizes of fungal 
phytases and of (highly) glycosylated proteins in general. Most, if not all, phytases of fungi, bacteria, 
and plants are monomeric proteins, and conflicting conclusions should be regarded with caution at least 
until there is more convincing evidence that oligomeric forms occur. 

We found that glycosylation of the phytases was highly variable. It differed not only among the three 
expression systems used (Fig. 2) but also among different batches of a phytase produced in the same 
expression system (Table 3). As shown by the analysis of the glycosylation pattern of A, niger phytase 
(Fig. 1), some of the heterogeneity is due to the fact that 2 of the 10 potential N-glycosylation sites, Asn- 
59 and Asn-120, are nonstoichiometrically modified. Remarkably, different extents of glycosylation, 
such as those obtained when a phytase was producedin different expression systems (Fig. 3), had no 
effect on phytase thermostability and refolding properties (Fig. 4). The importance of glycosylation for 
phytase structure and function is further questioned by the fact that only two potential N-glycosylation 
sites, Asn-207 and Asn-339, are conserved in all of the fungal phytases whose primary structures are 
known (16). 

Glycosylation may have a number of effects on the properties of an enzyme. First, it may have an impact 
on the stability of a protein, or it may influence the catalytic properties. Second, in case of acidic 
carbohydrallimodificatiqn, it may influence the pi of a protein (Figji) and thereby change the behavior 
of the prot^Sduring purification. And third, by dipsijing metabolicRergy. it may lower the level of 
expression^^ phytase. With regard to ba^ic -rfes^^fe^ it is notewojSlthat heterogeneous glycosylati6ii|] 
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may impede crystallization of a protein and therefore determination of its three-dimensional structure. 
Strategies for circumventing this problem by deglycosylating glycoproteins, particularly phytase, with 
recombinant fusion protein glycosidases have recently been described by Grueninger-Leitch et al. (8). 

All of the fungal, bacterial, and plant phytases investigated so far have acidic pi values ( 5-7 . J_0, 22, 23; 
for a review see reference 29). The difference between the pi values for E. coli phytase determined 
previously (about 6) (6) and in the present investigation (7.4 to 7.5) is most probably due to the His 6 tag 

attached to the C terminus in our preparation. In any case, A. fumigatus phytase, which has a pi of 8. 1 to 
8.6, is by far the most basic wild-type phytase. Since the great majority of contaminating proteins 
secreted by the expression systems into the culture supernatants have acidic pi values, this property 
makes A. fumigatus phytase a particularly well-suited enzyme for straightforward purification on an 
industrial scale (Fig. 2). 

Finally, some of the phytases in some of the expression systems which we used showed a tendency to 
slowly undergo limited proteolysis. Identification of the cleavage sites by N-terminal sequencing of the 
fragments revealed that cleavage invariably occurred at exposed loops on the surface of the molecule. 
Site-directed mutagenesis of A, fumigatus phytase (Fig. 6) and E. nidulans phytase (data not shown) at 
these cleavage sites in fact reduced the susceptibility to proteases. Engineering of surface-exposed loops 
may therefore be a promising strategy for improving the resistance of phytases to proteases present in 
the culture supernatant or in the digestive tract. 
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I. Introduction 

A. Thirty* Years of Basic and Applied Scientific Research 
Necessary to Generate a Product 

1 . Overvie w of Prod u ct Developm en t 

The research on phytase (Fig. 1) spans 87 years from its discovery by 
Suzuki et aL, (1907) until its commercialization in Europe in 1993-1994 
by Gist-brocades. Commercialization required not only a practical use 
and delivery of the enzyme but also the ability to produce the enzyme 
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myo-inositol 1, 2,3,4, 5,6-ht_\akis dthydrogen phosphate 

(Phytic acid) structure suggested by Anderson 1914. Inositol 
C*Hii0 24 P« MW-659.86 

Fic. 1. Hydrolysis of phytic: acid to inositol and phosphoric acid by phytase. 



economically. The milestones are shown in Table I. Commercialization 
was not possible until methods were available to develop and produce 
high yields of the enzyme in microbial culture or in plants. Research to 
produce high yields of the enzyme was initiated whenever new tech- 
niques were discovered that had potential for progress. After the "new 
techniques" were applied to phytase production and it was determined 
that further progress was unlikely, research was suspended until newer 
techniques that appeared promising were developed. The story of com- 
mercialization of phytase is illustrative of the development of many 
products that are produced by microorganisms. They require funda- 
mental discovery of new principles as well as applied long-term re- 
search. It is possible to use the phytase "story" to identify the principles 
that are germane for the commercial development of microbial products. 

2. Early Research 

The International Union of Biochemistry (1979) lists two phytases: a 
3-phytase, EC 3.1.3.8. which hydrolyzes (he ester bond at the 3 posi- 
tion of myoinositolhexakis phosphate to D-myoinositol 1,2,4,5,6-pen- 
takisphosphate + orthophosphate and a 6-phytase, EC 3.1.3.26, which 
first hydrolyzes the 6-position of myo-inositolhexakis phosphate to D- 
myoinositol 1,2,3,4,5-pentakisphosphate + orthophosphate. Subsequent 
ester bonds in the substrate are hydrolyzed at different rates. The 6-phy- 
tase dephosphorylates phytic acid completely. However, the 3-phytase 
of at least one of the phytases described does not hydrolyze the phos- 
phomono est*;r. 

Posternak (1903) described phytic acid for the first time. Suzuki et 
al. (1907) were the first to describe die enzymatic activity of rice bran 
phytase and to prepare an extract that retained its activity. Dox and 
Golden (1911) demonstrated that aspergilli produce phytase. Early stud- 
ies to identify' organic phosphorus compounds in plant material were 
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1903 
1907 
1911 
1913 

1914 

1959 

1962- 
1971 

1967 

1908 

19rtH 

1971 

1959 

1984 

19B8 

1993 
1994 

1987 
1993 
1987 
1990 
1991 



1992 



1993 
1994 



Posternak — Describes phytic: acid. 

Suzuki et a/.— Describe arid extract rice bran phytase. 

Dox and Golden— Demonstrate phytase in aspergilli. 

Plimmer and Anderson — Identify organic phosphorous compounds in 
plant material. 

Anderson — Determines the structure of phytic acid. 

Casida — Lists 20 soil fungi that have phytase activity. 

International Minerals and Chemicals initiates first commercial attempt 
to develop phytase as a product. 

Ware and Shieh — Patent acid phytase. 

Shieh and Ware — Screen over 2000 isolates for phytase activity. Isolate 
Aspergillus niger NRRL 3135 syn A. ficuum produces phy A and phy B 
at the highest yield ever reported in a nongenetically modified strain. 

Nelson et ai — Feed phytase-treated soybean meal and document that 
hydrolvzed phy tin is assimilated efficiently by broilers. 

Nelson et ai — Direct feeding of supplemental A. niger NRRL 3135 phytase 
to broilers in experimental and practical diets is titered. 

Shieh et nl. — Partial purification characterization and regulation of 
A. niger NRRL 3135 phytase. 

Southern Regional Research Center Agricultural Research Service, 

United States Department of Agriculture begin basic studies on phytase. 

Ullah — Purified, characterized, and determined the partial amino acid 
sequence of A. niger NRRL 3135 phyA. 

Ehrlicli et nl. — Cloned and sequenced the gene for A. niger NRRL 3135 phyB. 

Ullah v.t nl. — Cloned and sequenced the gene for A. niger NRRL 3135 
metallo pH 0.0 acid phosphatase. 

Alko Ltd. (Finland)(Pan Labs) initiates project to commercialize phytase. 

Piddington et nl. — Cloned and sequenced phytase from A. niger var. nwnrmnri 

Gist-brocades (The Netherlands) initiates project to commercialize phytase. 

Simons et al. — Demonstration of efficacy of phytase in broilers and pigs. 

Van Gorcom et al. — Application for patent on the overproduction of phy A 
by cloned strains of A. nigerNRRL 3135 and A. niger CBS 513.8H that 
lias a glucoamylase promoter and in which synthesis is not controlled by 
lovels of R Extracellular yield of phyA increased by 50-fold. 

Ecological benefits of the use of phytase to abate phosphorous excretion by 
monogastric animals. 

Pen et nl. — Expression of fungal phytase phyA in tobacco. 

Beudeker and Pen — Expression of fungal phytase phyA in canola 
(Brnssica napus). 



266 



RUDY J. WODZINSKI AND A. H. J. ULLAH 



made by Plimmer (1913) and Anderson (1914a, b,c,d). They recognized 
the importance of phytin in corn soybean diets. Many early attempts to 
determine the structures of phytin were made. Eventually, the Anderson 
(1914d) structure, which is considered correct at this time, was devel- 
oped (Fig. 1). Reddy et al. (1982) reviewed the structure of phytin and 
evaluated the data for each of the proposed structures. 

It was recognized early that phytin was an effective chelating agent that 
bound metals and proteins in animal feedstuffs. As such, it is considered 
an antinutrient for monogastric animals. It binds calcium, iron, zinc, and 
protein. Most of the phosphorus of the phytic acid is not available to 
monogastric animals. A controversy as to whether phytin was hydrolyzed 
at significant rates in the intestines of rats, poultry, pigs, and man con- 
tinued for many years. Many attempts were made to determine whether 
animals produced phytase in the intestine. Attempts were also made to 
.£ feed live yeast that produced phytase to animals to aid in the hydrolysis 

< of phytase in vivo. Results were unequivocal in the early research. 

07 

£ 3. Research at International Minerals and Chemicals (IMC) in the 1960s 

^ The first concentrated effort to make phytase a commercial product 

f- started in 1962 at International Minerals and Chemicals in Skokie, 

C/5 Illinois in which approximately 12 man years were expended on the 

C project. The group in Microbial Biochemistry initiated the project to 

screen for microorganisms that produce phytase. Tsuong Rung Shieh 
screened over 2000 organisms for phytase activity. He isolated an or- 
5 ganism from the soil in a flowerpot that produced the highest yields of 

m phytase. Although many attempts have been made, no one has discov- 

£ ered a naturally occurring organism that produces more phytase in liq- 

K uid culture. This organism was originally identified on the basis of its 

^ poor conidiagenesis, no known sexual cycle, and ability to produce 

Q oxalic acid rapidly as Aspergillus ficuum by Kenneth Raper at the 

^ University of Wisconsin. It was deposited as NRRL 3135. Aspergillus 

ficuum was previously placed in the taxonomic group Aspergillus 
niger. Centraalbureau voor Schimmelcultures designated NRRL 3135 
^ as A. niger van Tieghem. Nuclear DNA reassociation studies suggest 

that A. ficuum is not a valid species and the A. niger designation 
should be conserved (Frisvad et al.. 1990; Peterson, 1992). 

There are many references on phytase that refer to this organism. In 
this review, if we can identify with surety that this particular strain was 
used by the author, we will always refer tc it as A. niger NRRL 3135 re- 
gardless of what designation the author used. 

Shieh et al (1969) continued to develop the strain by optimizing the 
media and the conditions for production of the enzyme. The strain was 
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of special interest because one of the phytases (phyA) that it produced 
had two pH optima: one at pH 2.5 and one at pH 5.5. It also produced 
a second acid phosphatase with an optimum pH of 2.0 (phyB) that had 
activity on phytase. The intent of the project was to replace the feeding 
of inorganic phosphate by feeding phytase to monogastric animals. In 
1962, the value of phytin-phosphorus (phytin-P) that was excreted by 
poultry was approximately $50 million. 

II was necessary to test the feasibility of feeding phytase to broiler 
chicks to determine whether the enzyme would retain its activity when 
passed through the crop and intestine of the chicken. The pH optima of 
the enzyme approximated the pH of the chick digestive track and 
promised that the enzyme would be active in the crop of the chicken 
and at least partially in the intestine. Nelson et aL, (1968a) also tested 
the organism for its ability to grow in both moistened soybean meal and 
cotton seed meal. Feed studies were performed in chicks with meal that 
was pretreated with phytase. It was established (Nelson et aL, 1968a) 
that the phytin-P present in soybean meal was available to the chick 
and deposited in their bones if phytase was used to hydrolyze it. 

The microbial biochemistry group at IMC scaled the process to the 
114 L stage. Enough enzyme was produced and it was tested for use in 
monogastric animals by the animal nutrition group. The enzyme was 
fed to chicks and Nelson et aL, (1971) established that when phytase 
was fed to chicks, the phytin-P present in soybean meal and corn was 
made available and it was deposited in bones of the chick. 

Unfortunately, the yields of phytase at this time were not high enough 
to produce a product that would be competitive with the feeding of inor- 
ganic phosphorus. The yield would have to be increased, by one estimate, 
about 250-fold just to break even. It was well known, at tfaat time, that 
the phosphorus that was excreted by the chicks in the chicken manure 
would be mineralized by soil organisms and that it presented a pollution 
problem. Several attempts (media and applied genetics studies) were 
made to increase the yields of phytase to make it economic. However, 
they were unsuccessful and the project was terminated by IMC in 1968. 

4. Research at the United States Department of Agriculture (USD A), 
Agricultural Research Service (ARS), Southern Regional Research 
Center (SRRC) in the 1 980s and 1 990s 

In the 1980s, methodology became available thai permitted the 
cloning of genes into microorganisms. Of special significance was the 
methodology that permitted the use of efficient promoters in gene con- 
structs that increased yields significantly. This was recognized and in 
1984 the technology that was developed at IMC was transferred to the 
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SRRC, ARS, and USDA. A research team, that expended approximately 
16 man years, was formed at SRRC that isolated, characterized, and se- 
quenced the phytases (phyA and phyB) and acid phosphatase produced 
by A. niger NRRL 3135. Their fundamental research provided the tech- 
nical basis for the cloning studies and gene sequencing that followed at 
Gist-brocades, Pan Labs (Alko), and USDA. 

5. Research in Finland and The Netherlands 

At approximately the same time, Gist-brocades in the Netherlands ini- 
tiated a project to abate pollution while trying to improve the yields of 
A. niger NRRL 3135. They expended approximately 40 man years. They 
cloned phyA along with an amyloglucosidase promoter into A. niger 
NRRL 3135. They increased the yield approximately 52-fold. They 
also cloned the enzyme along with a amyloglucosidase promoter and 
the A, niger NRRL 3135 leader sequence into A. niger CBS 513.88. They 
increased the yield of phytase by 1400 in one of the wild-type nonpro- 
ducers (Van Gorcom et al, 1991). In one of the trials listed, one of the 
cloned strains produced 270 jxM/ml/min when the enzyme is assayed at 
37°C. If one adjusts the reaction rate by multiplying by 3.7 to 58°C (Ullah, 
1987), recalculates the unit to nKat, and divides by the specific activity 
of the pure enzyme (2100 nKat/mg protein), then approximately 7.9 
g/liter is secreted into the medium by this bioengineered strain. 

The nutrition group at Gist-brocades tested the enzyme extensively 
in poultry and swine. They have received approval in Austria, Belgium, 
Brazil, Bulgaria, Canada, Denmark, Germany, Norway, Finland, France, 
Greece, Ireland. Italy, Korea, Luxembourg, The Netherlands, Portugal, 
Spain, Switzerland, Taiwan, and the United Kingdom for use of the en- 
zyme (Natuphos) as a feed additive. The FDA has approved a GRAS pe- 
tition for use of phytase in food. Phytase is being marketed as a food 
additive in the United States as of January 1996. 

Also, at approximately the same time, Alko in Finland began re- 
searching phytase in aspergiili. Their intended main use is in baking 
processes and animal feeds. They enlisted the group at Pan Labs (Bothell, 
WA) to increase the yield of the phyB enzyme by cloning procedures. 

It is the purpose of this review not only to detail the events that were 
necessary to make phytase an economic reality but also to indicate that 
it is a combination of basic and applied research over long period of 
times that is often required to bring projects to fruition. 

One can extrapolate the cost of performing this type of research by 
adding up the man years expended in research and multiplying a cur- 
rent cost factor per man year. The cost of discovering the fundamental 
required knowledge, developing a process for production of the en- 
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zyme, and demonstrating the efficacy (applications) and safety required 
not only the 68 man years documented previously but also the man 
years expended in various government, academic, and industrial re- 
search laboratories inherent in the research papers listed in the refer- 
ences that have direct application to solving the problem. It is 
noteworthy that it was the cooperation of industrial, government, and 
academic researchers that was necessary for capitalization of the re- 
sults. It is the synergistic interactions of these, along with the generation 
of new methodology, that assures the introduction of new products in 
molecular biology and microbiology. 



II. Importance of Phytic Acid and Hydrolysis Products 

A. Rous ix thl- Plant 

Phytic acid (myoinositol 1 ,2,3,4, 5,6-hexakis dihydrogen phosphate) 
(Fig. 1) is a major component of plant-derived food. It is the primary 
source of inositol and storage form of phosphorus in plant seeds that 
are used as animal feed ingredients (oilseed meals, cereal grains, and 
legumes) (Maga, 1982). Approximately 75% of the total phosphorus in 
cereals (Common, 1940), legumes (Nelson et aL, 1968b), and seeds 
(de Boland et aL. 1975: Erdman, 1979) exists as phytic acid phospho- 
rus. Cottonseed meal, wheat, corn, rice, oats, soybean meal, and other 
plant-derived feeds tuffs contain various amounts of phytate (Anderson, 
1914a. b, c, d; Common, 1940; Erdman, 1979; Nelson ei aL, 1968b: 
Rackis, 1974). Reddy et aL, (1982) reviewed the topic exhaustively. 

Early speculation on the role of phytin-P in the plant centered on its 
use as a storage product. It was believed that large amounts of phos- 
phorus were stored in the seed and that phosphorus was liberated on 
germination and incorporated into ATP. Recent studies have established 
the role of inositol phosphate intermediates in the transport of materi- 
als into the cell. Their role, especially that of inositol triphosphates, in 
transport as secondary messengers and in signal transduction in plant 
and animal cells is a very active area of research (Berridge, 1989, 1993: 
Berridge and Irvine. 1989; Morre et aL, (1990); Boitano et aL. 1992; 
Allbritton at aL, 1992; lino and Endo, 1992). 

There are many applications of phytic acid. Graf (1986) reviewed and 
listed 59 different applications including rust removal, prevention of 
dental caries, and its use as a hypocholesteromic agent. All of the ap- 
plications center on the properties of phytic acid to chelate metals, in- 
teract electrostatically with proteins, its high affinity for hydroxyapatite, 
and interact with miscellaneous targets (Graf, 1986). 
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The applications of phytic acid and especially the inositol intermedi- a n 

ates impinge on eventual applications of phytase. "Of broad nutritional pel 

and medical significance will be the preparation of myo-inositol, di, tri, ( 

tetra and pentaphosphate esters and their investigation of their interao tas 

tions with different polyvalent cations" (Graf, 1986). Phytic acid or in- ma 

ositol intermediates have been implicated in starch digestibility and plr 

blood glucose response (Thompson, 1986), as an antioxidant (Graf et a/., chi 

1987), in the lowering of cholesterol and triglycerides (Jariwalla et a/., (Zl 

1990), in tumor formation (Shamsuddin et al. t 1988, 1989; Shamsuddin tas 

and Ullah, 1989; Ullah and Shamsuddin, 1990), in the treatment of tui 

Alzheimers disease (Sabin, 1988, 1989), in the treatment of Parkinson's Ne 

disease (Sabin, 1992), and in the treatment of multiple sclerosis (Sabin, ma 
1993). The preparation of these intermediates by immobilized phytase is 
provided under Section V, F 

X 
< 

n B. Rous in Nutrition 

CD 



~ 1. Phosphorous ^ o 

t Ruminant animals sustain the microflora that enzymatically release Th 

W inorganic phosphorus from phytic acid. However, phytic acid-phos- of 

^ phorus is essentially unavailable to monogastric animals: humans. Re 

> chickens, and pigs (Nelson et al., 1968a, b). They produce little or no tas 

2 phytase in the intestine and the phytin-P is excreted. An external source wl: 

3 of phosphorus must be supplied in sufficient quantity to meet their be; 
Ul daily mineral requirements (Nelson, 1967; Nelson et a/., 1968b). ] 
^ Phytic acid that is present in the manure of these animals is enzy- an< 
J** matically hydrolyzed by soil- and waterborne microorganisms. The re- me 

leased phosphorus is transported into rivers and lakes and can cause On 

^* eutrophication in aquatic environments in which phosphorus is limit- ley 

yj ing. When it is introduced in high quantities, excessive algal growth me 

q and oxygen depletion ensue. flo 

^ Phytic acid chelates divalent and trivalent cations. It binds Ca 2+ , Zn 2+ - wa 

^ Mg 2+ and Fe? + and trace minerals Mn 2+ - Cu 24 , and Mo + (Erdman, 1979; ph 

^ Maga. 1982; Nelson et a/., 1967, 1968b, Rackis 1974). It also binds pro- the 

teins. Complexes may he formed with all of these constituents of the coi 

monogastric diet that renders them unavailable to the animal. Because rin 

all of these are required nutrients for monogastrics it influences the con- be 

centration that must be fed to the animals. Many have described phytin- ca) 

P as an antinutrient factor. The antinutritive properties and' its value as tic. 

a possible phosphorus source, have stimulated researchers to develop Set 
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a method to remove phytic acid in a manner that is economically com- 
petitive with mineral supplementation. 

One method for phytic acid removal is enzymatic treatment with phy- 
tase. Phytate phosphorus is decreased 81% in a mixture of ground 
maize, soybean meal, and wheat bran when treated with the native 
plant phytases (Zhu et ai, 1990). The tibia bone ash weights of the 
chicks fed the treated feed was higher than those of the control chicks 
(Zhu et a/.. 1990). Although some feed ingredients contain native phy- 
tase, it is not a consistent source of the enzyme. The pH and tempera- 
ture during feed processing may inactivate the enzyme (Maga, 1982; 
Nelson, 1967). The feeding of a phytase produced by a microorganism 
may ameliorate these problems. 



III. Sources of Phytase 
A. Plant Sources 

Suzuki et ol., (1907) were the first investigators to make a prepara- 
tion of phytase activity. They detected activity in rice and wheat bran. 
They also isolated inositol as a product of the reaction. The occurrence 
of phytase in germinating plants has been exhaustively reviewed by 
Reddy et ai. (1982) and Gibson and Ullah (1990). They note that phy- 
tase has been isolated and/or characterized in cereals, such as triticale, 
wheat, corn, barley, and rice, and beans such as navy beans, mung 
beans, dwarf beans, and California small white beans. 

Eeckhout and De Paepe (1994) measured phytase activity, phytin-P, 
and total P in 39 different samples of cereals, cereal by-products, oil 
meals, legume seeds, roots and tubers, and other plant byproducts. 
Only rye (85 nKat/g), triticale (28 nKat/g), wheat (20 nKat/g), and bar- 
ley (10 nKat/g) were "rich" in phytase. Wheat byproducts, fine bran 
meal (76 nKat/g), or pellets (43 nKat/g), middlings (73 nKat/g), feed 
flour (56 nKat/g), and bran (49 nKat/g). also contained phytase. There 
was no correlation between the phytin-P content or total P with the 
phytase levels present in the plant-derived material. If one calculates 
the amount of phytase necessary to hydrolyze all of the phytin-P in a 
commercial diet and compares it with the amount of naturally occur- 
ring phytase in plants, it is evident that the commodity would have to 
be 40% of the diet to hydrolyze all of the phytin-P. This is not practi- 
cal. Cloning of the A. niger phyA gene into plants that are used in prac- 
tical diets along with efficient promoters circumvent the problem (see 
Section V.E.2). 
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Houde et al, (1990) purified phytase from canola seed. However, the 
purified ; * phytase" from canola had 232 times more activity with py- 
rophosphate than it had with sodium phytate. The pH optimum of the 
plant enzymes range from 4.0 to 7.5. Most of the enzymes have a pH 
optimum hetween 5.0 and 5.6. They have an optimum temperature of 
45 to 60°C and a K m of 2.22 x 10* 4 to 0.99 x 10-3 mM> T ne seec js of higher 
plants generally contain 6-phytase. Havakawa et al, (1990) presented 
data that rice hran F2 enzyme is able to dephosphorylate at the my- 
oinositol 2 position. The levels of phytase in plants increase by several 
orders of magnitude during germination. 

B. Bacterial Sources 

Phytase has been detected in Aerobacter aerogenes (Enterobacter aero- 
genes) (Greaves et al, 1907). Bacillus subtilis (Powar and Jagannathan, 
1982), Bacillus subtilis (natto) N-77 (Shimizu, 1992), Escherichia coli 
(Greiner et al., 1993). Klebsiella aerogenes (Tambe et al., 1994), and 
Pseudomonas sp. (Irving and Cosgrove 1971) (Tables II, III, IV). The 
only bacterial organism that produces extracellular phytase is B. sub- 
tilis. When phytase is produced by bacteria, the yields are low and 
the pH optimum is neutral to alkaline that precludes their use as 
feed additives. 

C. Funcal Sources 

A number of surveys of microorganisms have been made for phytase 
production. The organisms that have been reported to produce extra- 
cellular phytase are shown in Table II. Shieh and Ware (1968) screened 
2000 cultures from 68 soil samples and enrichments for phytase pro- 
duction. Howson and Davis (1983) surveyed 84 fungi from 25 species 
for phytase production. The incidence of phytase production is highest 
in aspergilli. The yields of phytase produced ex trace Uularly are shown 
in Table III. Of all the organisms (plants, bacteria, and fungi) surveyed, 
A. niger NRRL 3135 produces the most active extracellular phytase in 
cornstarch (Shieh and Ware. 1968) and semisynthetic (Howson and 
Davis, 1983) media. It produces 110 nKat P/ml. Aspergillus niger NRRL 
3135 produces two different phytases, one with pH optima at 5.5 and 
2.5 and one with a pH optimum of 2.0. Later, these enzymes were des- 
ignated phyA and phyB, respectively. 

A variety of organisms produce phytase intracellularly (Table IV). A 
comparison of the properties of phytases that have been highly puri- 
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fied is shown in Table V. The extracellular phytases have molecular 
weights ranging from 36 to 85 kDa; a P x of 4.0-6.3, a K ChX of 5.5-6209 
per second, a K m of 27-5000 micromol, an optimum pH of 2.5-7.5, and 
an optimum temperature of 35-63°C. 
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Ui 
Q 

IV. Regulation of Phytase Synthesis 

A. Effect ok Soukck of Cornstarch and Phosphorous Concentration 

Ware and Shieh (1957) related an invention in which the parameters 
for maximum acid phytase production by A. niger NRRL 3135 were 
listed. They discovered that the available inorganic phosphorus content 
of the medium controlled the synthesis of the enzyme. Maximum yields 
(113 nKat P/ml in shake flasks in 5 days) were obtained if the inorganic 
phosphorus content was controlled in the range of 0.0001% to about 
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and Ware (1968) 
and Ware (1968) 
and Ware (1968) 
and Ware (1968) 
and Ware (1968) 
and Ware (1968) 
and Ware (1968) 
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and Jagannathan 
12) 

2U (1992) 
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TABLE IV 

Phytase Detected in Cr.i.i-s or Whom-: Culture 



Aspergillus clavatus J239 


Casida (1959) 


A. pa vipes Fl a . A- 1 4 


Casida (1959) 


A. flavus 


Casida (1959) 


A. niciulans QM-329 


Casida (1959) 
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A. niger P-330 


Casida (1959) 


A. niger 


Doxand Golden (1911) 


A. oryzae QM-228 


Casida (1959) 


A. phoenicus QM 329 


Casida (1959) 


A. repens QM-44c 


Casida (1959) 


A. terreus Fla. C-93 


Casida (1959) 
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Casida (1959). 
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Mucor spp. 
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Rhizopus spp. 


Casida (1959) 


Klebsiella aerogenes 


Tambe et al. (1994) 


Pseudomonas spp. 


Irving and Cosgrove (1971) 



TABLE V 

Physicochemical and Kinetic Parameters or Microbial Phytasls and Acid Phosphatases 
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42 
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6209 
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4.5 


35 
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45 


6.3 
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" Ullnh andGihson (1987). 
" Ullah and Cummins (1987b). 
• Ullah and Cummins (198flb). 
■'(.Jreinnr et al. (1993). 
MJassn et al. (1980). 
.'Shiinizu (1992). 



270 



KUUY I. WOD/INSKl AND A. 11. I. UU.AH 



0.005% by weight determined as phosphorus (Fig. 2). Shieh and Ware 
(1968) demonstrated the interaction of total phosphorus content with 
the carbon source in the medium and with the type of cornstarch that 
was used as the carbon source to phytase yield. The optimal conditions 
for phytase production were 0.4 mg/100 ml phosphorus and 8% w/v 
cornstarch (Hubinger). They noted that repression of phytase synthesis 
at high levels of P was a general phenomenon because it was observed 
with all molds and yeasts that produced phytase. The relative amounts 
of the pH 2.0 (phyB) and pH 5.5 phytase (phyA) differed depending on 
the amounts of inorganic phosphorus in the medium (Shieh et oL, 1969). 

The regulatory effect of high P on phytase synthesis was confirmed by 
Howson and Davis (1983). Han and Gallagher (1987) also confirmed 
that high P concentrations inhibited phytase synthesis by A. niger NRRL 
3135. When they used high amy lose cornstarch (Hylon V National 
Cornstarch and Chemical Corp. Bridge Water. NJ), 1-5 mg P/100 ml was 
needed for maximum phytase production (44 nKat/ml in 7 days), 
whereas 8 mg P/100 ml was required for maximum cell growth. They 
also noted that the source of phosphorus played a role in the concen- 
tration of P required for maximum phytase synthesis. If the source of P 
was sparingly soluble, higher initialconcentrations of P would produce 
the same levels of phytase. At 5 mg P/100 ml in the medium, growth 
was suboptimal but phytase production was optimal. It should be noted 
that the relative yields in their study are consistent with those of other 
studies. However, the yields of enzyme are low under the culture con- 
ditions that they used — oxygen starvation (50 ml in 125-ml flask at 200 
rpm) and prolonged incubation (7-17 days). 

Utt (1987) tested the effect of initial P concentration of eight different 
sources of commercial cornstarch on yields of phytase. Two treatment 
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Fie. 2. Effect of initial phosphorus concentration in cornstarch medium on growth and 
produclion of phytasH by A, nigt:r NRRL 31: 35. From Shush and Ware (1968). 
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methods were examined for their effectiveness in releasing P from corn- 
starch. Cornstarch preparations were autoclaved at 121°C for 15 min in 
basal fermentation medium and at 121°C for 24 hr in 2 iVHCl. Significant 
differences between treatment methods occurred. Significantly higher 
levels of P were detected in the samples that were hydrolyzed for 24 hr 
as compared to those of the 15-min hydrolysis. Some commercial 
sources of cornstarch contain as much as 2.4 times as much P as other 
sources. One source had 8.25 jxg P /g of cornstarch. In a medium that 
contains 80 g/Iiter of cornstarch, the level is significant (660 |xg /liter) if 
one is attempting to control the level of P at 4 mg/liter. The levels of P 
in each of the samples were adjusted with P to 4 mg/liter and tested for 
phytase production. If total P content of the medium was the only fac- 
tor in the cornstarch that affected yield, each of the conditions should 
have produced the same yield of phytase. Differences in the amount of 
phytase produced were as great as 5.2-fold depending on the specific 
cornstarch used. The source of cornstarch in which high yields of phy- 
tase yields (132 nKat/ml in shake flasks in 5 days) were produced con- 
sistently was Corn Products 3005 cornstarch (Fig. 3). 

Gibson (1987) also confirmed that synthesis of phytase was controlled 
by the levels of phosphorus in the medium. She compared the produc- 
tion of enzyme from different sources of starch and speculated that the 
phosphoester linkage in some starch sources may be more resistant to 
cleavage than others, resulting in a low but steady supply of phospho- 
rus, conversely some phosphoester linkages might be hydrolyzed at a 
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Fir;. 3. Production of phytase by A. n/ger NRRL 3135 in 14-1. fermenler with the fol- 
lowing conditions: cornstarch medium (4 mg/100 ml total P) (Shieh and Ware. 1968): 
2RC: aeration. 0.18 liters/min; 15 psi; agitation, 350 rpm. From Utt (HI87). 
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faster rate than others increasing the concentration of P in the medium 
and repressing synthesis of the enzyme. She also demonstrated that co- 
valently bound P is present in Hylon V cornstarch and in potato starch 
as glucose-6-phosphate and glucose-3-phosphate. These phosphodex- 
trins are effective substrates for the enzyme. If commercial cornstarch 
is used as a substrate in a medium to produce phytase using a strain of 
microorganism in which phytase synthesis is repressed by P, it is nec- 
essary to test that particular source of cornstarch for its effect on yield 
of the enzyme. 

The question of phytase repression by high levels of P becomes moot in 
strains that are bioengineered for phytase production. Van Gorcom et al. 
(1991) removed the repression of phytase synthesis in genetically engi- 
neered A. niger NRRL 3135 arid A. van Tieghem. Their work is discussed 
under Section V,E,2. 

B. Effect of Medium Ingredients, Inoculum Size on 
Pellet Formation, and Phytase Yields 

When a simple sugar, such as glucose or fructose is used as a sole 
source of carbon for phytase production by A. niger NRRL 3135, 
mycelial pellets are formed and the enzyme is made in low yields 
(Shieh and Ware, 1968). Han and Gallagher (1987) also observed these 
phenomena. However, if they used a medium containing surfactant 
(sodium oleate, 0.5% v/v). growth was dispersed and phyA yields were 
4.7-fold higher than in controls in a 17-day incubation. The organism 
has also been propagated and phytase produced in submerged liquid 
fermentation and semisolid fermentation with cottonseed meal and soy- 
bean meal (Han, 1989; Han and Wilfred, 1988). The organism produces 
glucoamylase (Vandersall at aL. 1995) and a-galactosidase (Zapater et 
a/., 1990) extracellularly. 

If either the inoculum size is too small, or if a relatively low viscos- 
ity medium (one devoid of cornstarch) is used, the organism forms pel- 
lets. Pellet formation may be minimized in shake flasks if at least 1 x 10 7 
conidia are added per 50 milliliters of medium or if mass mycelial trans- 
fers are used |at least 10% (v/v) inoculum]. Pellet formation may also 
be minimized by the shearing action of the agitation system that breaks 
up aggregates of hyphae (Smith and Berry, 1974) and other factors such 
as pH, metal ion concentration, and complex or synthetic medium 
(Righelato, 1975). The property of lowered extracellular enzyme yields, 
when pellets are formed, appears to be a general characteristic of the 
organism. Reduced yields of a-galactosidase have also been observed 
when the organism formed pellets in a medium designed for production 
of that enzyme (R. J. Wodzinski, unpublished results). 
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C. Mutation Studies 

Published results of mutation studies are sparse. Utt (1987) devised 
a medium that produced microcolonies and permitted large number of 
colonies per plate. However, the only mutants of A, niger NRRL 3135 
isolated had limited increases in yield of phytase (17%). The increase 
in yield was probably due to an increase in phyB and not phyA. Chelius 
and Wodzinski (1994) isolated a mutant from the same wild-type strain 
that had a 3.3-fold increase in phyA activity, an 80% decrease in the 
pH 6.0 optimum acid phosphatase; and the same levels of phyB. The 
isolate may be a phytase catalytic mutant as well as an overproducer of 
phyA. The mutant approach is hampered by the lack of a powerful se- 
lection method that would differentiate between the pliytnsas and phos- 
phatases produced in a preliminary screen. 

Classical mutation approaches for increasing yield of secreted pro- 
teins have value. Dunn-Coleman et al. f (1991) increased the yield of 
chymosin fivefold after the gene for the enzyme was cloned into A. niger 
var. owanwri along with a glucose promoter. They noted an increase in 
secreted protein. A combination of cloning techniques with classical 
mutagenesis probably alters genes or properties of the secretion system 
that are not fully understood and that resist a purely rational approach 
to increasing yield. 

V. Biochemistry of Phytase and Acid Phosphatases 

A. Purification and Characterization 

The activity of orthophosphoric monoester phosphohydrolase (acid 
optimum) has been described in a variety of species and tissues. To keep 
our focus on microbial enzymes, we will not describe in any detail the 
acid phosphatases produced in mammalian tissues. However, the 
mammalian acid phosphatase cannot be ignored altogether because 
there is sequence homology at the active site with the microbial phytase 
and acid phosphatases (Ullah and Dischinger, 1993b). Furthermore, an 
X-ray-deduced three-dimensional structure of recombinant rat prosta- 
tic acid phosphatase has been determined (Schneider et al., 1993). The 
physicochemical and catalytic properties of phytases and acid phos- 
phatases of microbial origin are summarized in Table V. Aspergillus niger 
NRRL 3135 phytase (pH 5.0 optimum phyA) and acid phosphatases [pH 
2.5 optimum (phyB) and pH 6.0 optimum] are secreted proteins. The rel- 
ative amounts of these proteins in the media are considerably higher 
when grown under phosphate starvation in starch media. One estimate 
from the purification tables (Ullah and Gibson, 1987; Ullah and Cummins, 
1987b, 1988b) and the enzymes' K irM indicated that approximately 50% 
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of the Iota! secreted proteins are phyA. phyB, and the pH 6.0 optimum 
acid phosphatases. About 40% of the protein, from the enzyme activity 
data, was identified as pH 6.0 optimum acid phosphatase; phyA and 
phyB were about 5% each. It was estimated that to purify these enzymes 
to near homogeneity, only 5- to 25 -fold purification of each enzyme was 
needed. The secreted glycoproteins of A. nigerNRRL 3135 are stable for 
many months at 5°C and they lack intrinsic protease activity (A. Ullah, 
unpublished observation). A combination of these properties made it pos- 
sible for investigators to purify these proteins at room temperature. The 
three enzymes are acidic proteins with P { values below 5.0. Therefore, all 
three enzymes can be concentrated by passing the culture filtrate onto a 
strong cationic exchanger at pH 2.8 or below. Subsequent purification 
steps involve additional ion-exchange chromatography and chromatofo- 
cusing. Biochemical and kinetic characterizations were performed on the 
enzymes recovered from the terminal step. The determination of molec- 
ular mass of the fungal phytase and acid phosphatases was determined 
by either gel filtration or SDS-PAGE. The enzymes are microheteroge- 
neous because they are differentially glycosylated. The molecular masses 
of the monomeric form of phyA, phyB. and pH 6.0 optimum acid phos- 
phatase were estimated by SDS-PAGE to he 85. 65, and 85 kDa. respec- 
tively. The P/s of the native fungal phytase. pH 2.5 optimum acid 
phosphatase, and pH 6.0 optimum acid phosphatase were estimated to be 
4.5, 4.0. and 4.9, respectively. The hydrolysis pathway for phytate was 
only elucidated for the pH 5.0 optimum phytase (phyA); the enzyme was 
labeled 3-phytase (EC 3.1.3. 8) (Ullah and Phillippy, 1988). The K»> and 
K v . n of fungal phytases for myoinositol hexa-. penta-, tetra-, and triphos- 
phates have been reported (Ullah and Phillippy, 1994). The K cnt IK m val- 
ues indicate that the preferred substrate for both phyA and phyB is 
myoinositol hexaphosphate. Therefore, it is justifiable to designate these 
enzymes phytase. 

An extracellular phytase and an extracellular acid phosphatase were 
purified from Aspergillus ory/jw K1 (Shimizu, 1993). Unlike A. niger 
NRRL 3135 phytase and pi I 0.0 optimum acid phosphatase, which are 
monomers, the active enzymes of A. oiy/jw are dimers. The molecular 
masses of A. oryzae phytase and acid phosphatase are 60 and 70 kDa. 
respectively. The P r temperature optima, and pH optima of A. oryzae 
enzymes are very similar to those of the A. nigerNRRL 3135 phospho- 
monoesterases. A significant sequence homology is expected for this 
class of extracellular proteins. 

An extracellular phytase from B. suhtilis (natto) N-77 was purified 322- 
fold by gel filtration and DEAE chromatography (Shimizu, 1992). The mol- 
ecular mass of the active mono in eric form was judged to be 36 kDa by 
SDS-PAGE. The protein's l\ was estimated to be 6.25. Like the fungal en- 
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zymes, the optimum temperature for the bacterial phytase was about 60°C. 

Two periplasm ic phytases, Pi and P2, were purified from E. c:oli to near 
homogeneity (Greiner et aL, 1993). The active species were judged to be 
monomer with a molecular mass of 42 kDa. Both enzymes are very spe- 
cific for phytate. The hydrolysis pathway for phytate was deduced for P2; 
the enzyme was identified as 6-phytase (EC 3.1.3.26). The pH optima for 
P2 was 4.5 for phytate and 3.5 for the synthetic substrate, p-nitrophenyl 
phosphate. Like B. subtilis phytase, the E. coli enzyme is also a weakly 
acidic protein with a P s of 6.0. Both chemical and kinetic properties of P2 
point to identity with an acid phosphatase (Dassa et aL, 1982). 

A phytase was purified from yeast (Nayini and Markakis, 1984); how- 
ever, purity and molecular data were not reported. The pH and temper- 
ature optima were 4.6 and 45°C, respectively. Although the enzyme can 
degrade a variety of inositol phosphatases — di-, tri-, tetra-, penta-. and 
hexaphosphate — inositol monophosphate was hydrolyzed by this en- 
zyme at an accelerated rate. From the kinetic data, it is reasonable to class 
the enzyme as a myoinositol monophosphatase. It is notable that A. niger 
NRRL 3135 (phyA) shows poor substrate acceptability to myoinositol 
monophosphate. Therefore, the yeast enzyme is very different from the 
A. niger NRRL 3135 phytase in terms of substrate specificity. 

Both £. coli and A. niger NRRL 3135 also produce acid phosphatases 
(Dassa et al. t 1980: Ullah and Cummins, 1988b). The bacteria! enzyme 
resides at the periplasm; the enzyme has high affinity (K m =2.7 ^M) for p- 
nitrophenyl phosphate (Dassa et aL, 1980). The fungal enzyme, pH 6.0 op- 
timum acid phosphatase, is a highly glycosylated extracellular 
metalloenzyme (Ullah et aL, 1994). This copper-containing phosphomo- 
noesterase is a poor acceptor of myoinositol phosphates; based on K Vi JK m 
ratio, phytate is hydrolyzed at an efficiency of 0.06% compared to phyA 
(100%). The K r JK ni ratio for the lower forms of myoinositol phosphates 
is one order of magnitude lower than that of hexaphosphate. The sub- 
strate accommodation data for the fungal pH 6.0 optimum acid phos- 
phomonoesterase clearly suggest the enzyme to be an acid phosphatase. 

B. Sequence Studies 

The primary structure of A. niger NRRL 3135 phytase (phyA) was de- 
termined from both the cloned DNA (GenBank Accession No. M94550) 
and chemical sequencing (Ullah and Dischinger, 1993a). The sequence 
deduced from DNA is in full agreement with the chemically deduced 
protein sequence. Phytase sequence has also been deduced from the 
cloned DNA of A. niger strain van Tieghem (Van Hartingsveldt et aL 
1993) and is identical. A third phytase sequence was obtained from A. niger 
var. nwamori (GenBank Accession No. L02421) and revealed 97.2% 
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homology to A. niger NRRL 3135 phytase (Fig. 4). The substituted amino 
acids in A. niger var. awomori revealed that of a total of 13 substitutions 
only 1 at the penultimate C- terminal end was nonhomologous. The other 
12 substitutions in A. niger var. awomori phytase were all conservative 
replacements predicting a very similar tertiary structure for both of the 
proteins. The primary structure of A. niger NRRL 3135 phyB and A. niger 
var. awomori phyB was elucidated from the cloned DNA and a partial se- 
quence was verified by chemical sequencing (Ehrlich et al. ( 1993; 



10 20 30 40 50 60 

AFphya MGVSAVLLPLYLLSGVTSGLAVPASRNQSSCDTVDQGYQCFSETSHLWGQYAPFFSLAME 

ANphya MWSA\OJ^LYLIJteVTSGlAWASRMQSTCD^ 

10 20 30 40 50 60 

70 80 90 100 110 120 

AFphya SVISPEVPAGCRVTFAQVLSRHGARYPTDSKGKKYSALIEEIQQNATTFDGKYAFLKTYN 

ANphya SAISPDVPAGCRVTFAQVLSRHGARYPTESKG^ 

70 80 90 100 110 120 

t 

130 140 150 160 170 180 

AFphya YSLGADDLTPFGEQELVNSGIKFYQRYESLTRNIVPFIRSSGSSRVIASGKKFIEGFQST 

ANphya Ysi^ADDLTPFGEQELVNSGiKFYQRY^si.TRNi IPFiRSSGSSRVIASGE^IEGFQST 
130 140 150 160 170 180 

190 200 210 220 230 240 

AFphya KLKDPRAQPGQSSPKIDWISEASSStJNTU)PGTCTVFEDSElJU>T\/EANFTATFVPSlR 

ANphya KIJaJPRAQPGQSSPKIDWISEASSSNNTLDPGTCTVFEDSELADTVEANFTATFAPS IR 
190 200 210 220 230 240 

250 260 270 280 290 300 

AFphya QRLEND LSGVT LTDTE VTYLMDMC SFDT I STST VDTKLSP FCD LFTHDEWINYD YLQSLK 

ANphya QRLENDLSGVTLTDTEVTYLMDMCSFDT I STSTVDTKLSPFCDLFTHDEWIHYD YLQSLK 
250 260 270 280 290 300 

310 320 330 340 350 360 

AFphya KYYGHGAGNPLGPTQGVGYANELIARLTHSPVHDDTSSNHTLDSSPATFPLNSTLYADFS 

ANphya KYYGHGAGNPLGPTQGVGYANELIARLTHSPVTODTSSNHTLD 

310 320 330 340 350 360 

370 380 390 400 410 420 

AFphya HDNGIISILFALGLYNGTKPLSTTTVENITQTIXSFSSAWTVPFASRLYVEMMQCQAEQEP 

ANphya HDNGI I S I LF ALGLYNGTKP L STTTVEN I TQTDGF S S AWTVP F ASRLYVEMMQCQAEQEP 
370 380 390 400 410 420 

430 440 450 460 

AFphya LVRVLVNDRWPLHGCPVDALGRCTRDSFVRGLSFARSGGDWAECFA 

ANphya L VRVLVNDR WP LHGCP IDALGRC^RDSFVRGLSFARSGGDWAECSA 
430 440 450 460 

Fig. 4 Comparison of deduced phytase sequence from cloned phyA DNA of A. niger 
NRRL 3135 (AFphyA) (GenBank Accession No. M94550) with cloned DNA of A. niger var 
awomori (ANphyA) (GenBank Accession No. L02421) (97.2% homology). 
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Piddington et aL, 1993). The phyB from A. niger NRRL 3135 showed 
99% homology to the corresponding protein from A, niger var. awamori. 
Surprisingly, phyA revealed only 23.1% homology to the phyB (Fig. 5). 
The primary structure of the bacterial phytases has not been deduced 
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ANphya ^VSAVLLPLYLLAGVTSGLAVPASRNQSTCDT-VDQGY-QCFSETSHLWGQYAPFFSLA 

AFphyb MP RTS LLT LAC ALATGA S AFS YG AA I PQSTQEKQF SQEFRDGYS I LKH - YGGNGP Y - SE R 
10 20 30 40 50 

60 70 80 90 100 110 

ANphya NE S A I SP D VP AGCR VTF AQVLSRHG ARYP TESKGKKYS ALI EE I -QQNVTTF DGKY AF LK 

AFphyb VS YG I ARDP P T GCEVDQ V I MVKRHGE RYP SP SAGKS I E EALAKVYS INTTE YKGD LAF LN 
60 70 80 90 100 110 

120 130 140 150 160 

ANphya TYNYSLGAD DLTPF-GEQELVNSGIKFYQRYESL— TRNIIPFIRSSGSSRVI 

AFphyb D WT YYVP NEC YYNAE TT SGP Y AGLLD AYNHGND YKARYGH LWNGETWP FF - S SG YG RV I 
120 130 140 150 160 170 

^170 180 190 200 210 220 

ANphya ASGEKF I EGFQSTKLKDP RAQPGQS SP K ID WI SE ASSSNNTLDPGTCTVFEDSELADTV 

AFphyb ETARKFGEGFFGYNYS TNAALNIISESEVM^SLTP-TCDTDJ^TTCDNL 

180 190 200 210 220 

230 240 250 260 270 280 

ANphya EANFTATFAPS IRQRLENDLSGVTLTDTEVTYI/4DMCSFDTISTSTVDTKLSPFCDLFTH 

AFphyb T YQLPQ- F KV AA- AJUJ4SQNPGIWLT ASD VYNL I VMASFE LNARP FSNWINAFTQ 

230 240 250 260 270 280 

290 . 300 310 320 330 340 

ANphya DEWIHYDYLQSLKKYYGHGAGNPLGPTQGVGYANELIARLTHSPVHDDTSSNHTLDSNPA 

AFphyb dewvsfgyvediotyycagpgdknmaavgavyanas£tllnqgpkeagp 

290 . 300 310 320 330 

350 360 370 380 390 400 

ANphya TFPLNSTLYADFSHDNGI ISILFALGLYNGTKPLSTTTVENITQTDGFSSAWTVPFASRL 

AFphyb LFFNFAHD TN I T P I LAALG VL I PNEDLP LDRVAFGNP YS IGN I VPMGGHL 

340 350 360 370 380 

410 420 430 440 450 
ANphya YVEMMQCQA EQEPLVRVLVNDRWPLHGCPIDALGRCTRDSFVRGL 

AFphyb TIERXSCQATALSDKCTYVRLVLikAVLP 

390 400 410 420 430 440 

460 

ANphya SFARSGGDW AECSA 

AFphyb CNVSASYPQYLSFWWNYNTTTELNYRSSPIACQEGDAHO 
450 460 470 



Fk;. 5. Comparison of chemical sequenced phytase from cloned phyB DNA of A. niger 
NRRL 3135 (AFphyB) (Ehrlich el a!.. 1993) with cloned DNA of A. niger var awamori 
(ANphyA) (Gen Bonk Accession No. L02421), (23.1% homology). 
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chemically; however, the primary structure of pH 2.5 optimum acid phos- 
phatase from E. coli was deduced from the cloned DNA (Dassa et al., 1990). 
When sequence alignment was performed between a truncated A. niger 
NRRL 3135 phyB (-44 residues from the N terminus) and £. coli pH 2.5 
acid phosphatase, the result showed only 15.1% homology (A. H. J. Ullah, " 
unpublished data). Although phytase activity had been reported in yeast 
(Nayini and Markakis, 1984), the enzyme was not purified to homogene- 
ity or any sequence reported to this date. However, acid phosphate genes 
phol and pho5 from yeast were cloned and sequenced (Elliott et al., 1986; 
Bajwa et al., 1984). Protein sequence alignment of A. niger NRRL 3135 
phyA and phyB with the deduced primary structure of phol and pho5 of 
yeast showed remarkable homology for cysteines, certain hydrophobic: 
residues, and the active site residues (Ullah and Dischinger, 1995). 

C. Active Site Determinations 

The active site of phytases shows remarkable homology to the active 
site residues of the members of a particular class of acid phosphatase 
termed "histidine phosphatase" (Van Etten et a/., 1991; Ullah et al. t 1991). 
Chemical probing at the active site of human prostatic acid phosphatase 
suggested that an arginine residue is involved in catalysis (Van Etten, 
1982). A similar observation was also made in A. niger NRRL 3135 
(Ullah et al.. 1991). Sequence similarity search among diverse phosphate 
metabolizing enzymes, i.e., fructose 2.6-biphosphatase. phosphate glyc- 
erate mutase, and acid phosphatase, led to the identification of a tripep- 
tidic region with the sequence RHG (Bazan et al., 1989). When A. niger 
NRRL 3135 N-terminal amino acid sequence was compared with these 
enzymes, it was noted that the conserved tripeptidic region was also pre- 
sent not only in fungal phyA but also in the N-terminal region of phyB 
(Ullah and Dischinger, 1993b). Further chemical probing of the fungal 
phytase also suggested a sensitive histidine at the active site (Ullah and 
Dischinger, 1992). On close examination of the active site residues of 
phyA and phyB in A. niger NRRL 3135, pH 2.5 optimum acid phos- 
phatase in E. coli, pho3 and pho5 gene products in yeast, human pro- 
static, and lysosomal acid phosphatase, it was observed that the most 
conserved sequence is RHGXRXP (Table VI). The acid phosphatases and 
phytases containing this active site motif in the N-terminal segment of 
the protein are grouped under "histidine phosphatase"; a survey of the 
protein and DNA databases revealed 14 members belonging to this group 
of acid phosphatases (Table VII). The positive charge of the guanido 
group of arginine is probably responsible for the recognition and an- 
choring of the negatively charged phosphate group to the proximity of a 
histidyl residue in the active site. The phosphate group is transiently 
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TABLE VI 

Alignment ok Kuncal imiyA and pmyB Active-Site Skquenci: with Pi ulisih-d 

ACID Pi K iSf'l lATA.SKS. PnUSI'lKKiLYCnRATK Ml TASK, AND FRUCmsl-^.G-BUM tOSPI IATASK 
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transferred to the histidine group to form an unstable phosphoenzyme 
complex before hydrolytic: cleavage to form orthophosphate (Van Etten, 
1982). This mechanism is reasonable because it is known that a phos- 
phate group attaches to the solitary histidine residue in phosphocarrier 
protein, HPr of gram negative bacteria (Anderson et a/., 1993). In A. niger 
NRRL 3135 phyA inactivation of tryptophan led to catalytic demise 
(Ullah and Dischinger, 1992). Of the four tryptophans, only Trp25 and 
Trp267 are in the hydrophilic region; the other two residues are in the 
hydrophobic region and may not play a role in active site formation. 



D. Enzyme Engineering Studies 

Any future improvement of ihe kinetic parameters and therm o- and pH 
stability of phytase will depend on understanding the three-dimensional 
structure of the biocatalyst. Unfortunately, the tertiary structure of the 
protein has not been determined. Crystallization of the heavily glyso- 
sy Inted fungal phytase and acid phosphatases is extremely difficult 
(A.H, J. Ullah, unpublished data). Efforts are now under way to express 
the cloned gene in bacteria to obtain the unglycosylated form of phy- 
tase. If the nonglycosylated isoform of fungal phytase can fold properly 
in bacteria and exhibit enzymatic activity, then subsequent crystal- 
lization and structure elucidation will be meaningful and yield infor- 
mation that could be used to fine tune the three-dimensional structure 
of the protein. Despite these difficulties, current research in structure 
refinements is proceeding in three areas: increasing thermostability, 
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reducing tlie molecular mass, and constructing a chimeric enzyme with 
the acid phosphatase. Enzyme engineering studies with the acid phos- 
phatase, lacking phytate hydrolysis, may include incorporation of the 
phytase active site sequence in the protein to impart phytate binding 
and catalysis. The other protein engineering effort may include alter- 
ation of the glycosylation signals to understand the role of glycosylation 
in secretion and stability of the protein. Because data are lacking on the 
X-ray-deduced three-dimensional structure of any microbial acid opti- 
mum phosphomonoesterase. computer-assisted modeling cannot be per- 
formed on fungal phytase or acid phosphatase. However, the crystal 
structure of recombinant rat acid phosphatase containing the active site 
sequence RHGXRXP had been determined to 3 A by protein crystallo- 
graphic methods (Schneider et ai. 1993). The protein is built up of two 
domains: an a/p domain consisting of a seven-stranded p-sheet with he- 
lices on both sides of the sheet and a smaller a domain. The topology of 
one of the domains of acid phosphatase is very similar to the structure 
of phosphoglycerate mutase (Campbell et al. t 1974). The Garnier analy- 
sis of phytase also shows similar arrangements of alternating a/p struc- 
ture (Fig. 6). It is reasonable to predict that the overall structure of fungal 
phytase will parallel the structure of rat acid phosphatase; Computer- 
assisted homology modeling of phytase based on the structure of rat acid 
phosphatase could not be performed at this time (A. H. J. Ullah, unpub- 
lished observation). 

E. Cloninc or Phytask and Arm Phosphatases 

1. USDA Studios 

The group at the Southern Regional Research Center started purifica- 
tion and characterization of the fungal phytase in 1984. The N-terminal 
and cyanogen bromide fragments of the purified protein were obtained 
and reported at the poster session of the 9th Enzyme Engineering 
Conference at Santa Barbara. California in 1987. Researchers from the 
Gist-brocades were also present at the meeting. Therefore, the sequence 
information, so vital for the gene cloning, became available to the Gist 
brocades researchers. The full account of the N-terminal and interse- 
quences was, however, published a year later (Ullah, 1988). The phyA 
gene from A. nigcrNKRL 3135 was partially cloned in a \ gtll expression 
library as identified by immunoprohc and sequence verification 
(Mullaney et al, 1991). The full-length gene was cloned subsequently 
and the sequence submitted to the GenBank (Accession No. M94550). A 
second phytase gene (phyB) from A. niger NRRL 3135 was cloned; this 
DNA fragment codes for a 479-amino acid enzyme and was found to con- 
tain four exons (Ehrlich et al. 1993). An acid phosphatase from A. niger 
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Gamier plot of A. ficuum phytase (phyA) 

10 . 20 . 30 . 40 50 60 

LAVPASRNQSSCDTVDQGYQCFSETSHLWGQYAPFFSLANESVISPEVPAGCRVTFAQVL 

helix 

Sheet EEEE EE E EE EEEEEEEEE 

turns TTTTTTTTTTTTTTTT TTTTTTT T T T TTT 

COil C CCC CCCCCCCC C 

70 . 80 . 90 100 . 110 . 120 

SRHGARYPTDSKGKKYSALIEEIQQNATTFDGKYAFLKTYNYSLGADDLTPFGEQELVNS 
helix HHHHHHHH HH HHHHHH 

sheet EE EEEE 

turns TTTT TTTTTTT TTTT TTTT TTT TT 

coil C CCC cccc c ccccc 

. 130 . 140 . 150 . 160 . 170 . 180 
G I KF YQR YESLT RNIVPFIRSSGSS RVI ASGKKF IEGFQSTK LKDP RAQPGQS SP K I D W 
helix H HHHH 

Sheet EEEEE EEEEEE EEE EE E EEEE 

turns TT TTTTTTT TTT TTT T TT T 

coil CC CCCC C CCC CC CCC 

. 190 . 200 . 210 . 220 . 230 . 240 
ISEASSSNNTU>PGTCTWEDSEIJU^TVEANFTATFVPSIRQRLENDLSGVTLTDTEVTY 
helix HHHHHHHHH HHHHHH HKHHH 

Sheet EEE EEEEE EEEE EEEEE 

turns T TTT TT T TTTT T 

coil CC C CC CCCCC C 

. 250 . 260 . 270 . 280 . 290 . 300 
LMDMCSFDTISTSTVDTKLSPFCDLFTHDEWINYDYLQSLKKYYGHGAGNPLGPTQGVGY 
helix HHHHH H H H H HHH 

Sheet EE EE EEEEE EEEE 

turns T TTTT TT ^tj^^ >j TTTT 

coil CCCCC CC C CCCCCC CC 

. 310 . 320 . 330 . 340 . 350 . 360 
ANELIARLTHSPVHDDTSSNHTLDSSPATFPLNSTLYADFSHDNGIISILFALGLYNGTK 
helix HHHHHHH 

sheet EEE EEEE EEEEEEEE 

turns T T TTT TTT TT TTT TTTTT 

coil C CCC C CC CCC CCC CCC CC CC 

. 370 . 380 . 390 . 400 . 410 . 420 
P LSTTTVEN I TQTDGFSS AWTVP FASRLYVEMMQCQAEQEP LVRVLVNDR WP LHGCPVD 
helix HHHHHHHHHHHHHHHH 

Sheet EEE EEEEE EEEEE EEEE EEEE 

turns TTTT TT T T TTT 

coil CC C C CC CCC CCC 

. 430 . 410 
ALGRCTRDSFVRGLSFARSGGDWAE 
helix HH 
sheet EEE EEEEE 
turns TTTTT T 
coil CCCC CCCCC 

Fig. <>. Secondary structure of phyA as predicted from Gamier plot. 



NRRL 3135 that could not be readily separated from pH 2.5 optimum 
phytase/acid phosphatase (phyB) was cloned and was shown to be ho- 
mologous to Penicillium chry&ogenum PHOA (Ehrlich et al.. 1994). Very 
recently, a gene coding for the metalloenzyme pH 6.0 optimum acid 
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phosphatase was cloned {Mulhmey et ai. 1995) and shown to be ho- 
mologous to the aphA gene. The encoded amino acid sequence verified 
by the chemically deduced sequencing (Ullah et al. r 1994). 

2. Dutch Studies 

The Dutch group initiated the cloning work in late 1980s after the bio- 
chemical and sequence information was published by the USDA group 
(Ullah, 1988b). The researchers from the Gist-brocades and TNO Medical 
Biology cloned and sequenced the gene, and overexpressed the phytase 
gene {phyA) from A. niger NRRL 3135. The gene was isolated using de- 
generate oligodeoxyrihonucleotides deduced from phytase amino acid se- 
quences. Nucleotide sequence analysis of the cloned DNA indicated an 
open reading frame coding for a 4G7-amino acid protein and included in 
the DNA is an intron of 102 base pairs in t he 5' part of the gene (GenBank 
Accession No. Z16414). The gene was identical to the one cloned by the 
USDA group (GenBank Accession No. M94550). However, the major con- 
tribution of the Dutch group was the understanding of the expression of 
the phytase gene at the mRNA level by inorganic drthophosphate levels. 
The researchers have detected a transcript of 1.8 kb after cell growth in 
low-phosphate medium. Transcription of phyA initiates at least seven 
start points within a region located 45-25 nt upstream from the start 
codon. In transformants of A. niger. expression of multiple copies of phyA 
gave up to about 10-fold higher phytase activities than the level produced 
by the native wild-type strain (Van Hartingsveldt et ai., 1993). 

In other studies, the Dutch group has also expressed the fungal phytase 
(phyA) in tobacco seeds. The protein was expressed as 1% of the soluble 
proteins in mature tobacco seeds (Pen et ai. 1993). Detailed descriptions 
of the gene construct used for transformation of tobacco have been pub- 
lished. The molecular weight of the phytase produced in seeds was 67 
kDa compared to 80 kDa in A. niger. Differences were due to glycosyla- 
tion. When the cloned plant phyA was deglycosylated and compared to 
deglycosylated A. niger phyA, the molecular weights were identical. The 
phyA gene has been cloned into canola (Brassica napa) (Beudeker and 
Pen, 1994). The transgenic plant seeds of both species have been tested 
as a source of phytase for monogastric animals and are efficacious. 

3. Pan Labs Studies 

The Pan Labs research with fungal phytase and acid phosphatase 
stems from the interest of Alko Ltd., Rajamaki, Finland. These groups 
cloned the genes for phytase and pH 2.5 optimum acid phosphatase from 
A. niger var. awamori (Piddington et aL, 1993). The genes were isolated 
from the genomic DNA using oligodeoxyribonucleotide probes based on 
the protein sequences reported by the USDA group. A potential 102-bp 
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tial 102-bp intron was identified between the start codon and the N-ter- 
minai amino acid residue. Furthermore, a 19-residue signal peptide was 
identified in the N-terminal segment. The same genomic library was also 
probed with oligodeoxyribonucleotides l)ased on the pH 2,5 optimum acid 
phosphatase sequence. One of the clones contained a 2.1-kb fragment that 
hybridized strongly to two oligonucleotide probes based on different pep- 
tides from the same protein. This 2.1-kb fragment contained the sequence 
for 12 previously sequenced peptides including the N-terminal peptide 
sequence. The researchers identified intron boundaries through the isola- 
tion and sequencing of pH 2.5 optimum acid phosphatase-encoding 
cDNA. Unlike the phytase gene (phyA), three short introns were revealed 
by the sequencing. The resulting translated sequence codes for a 479- 
amino acid protein including a 19-amino acid signal peptide. The gene 
coding for the acid phosphatase (aph) is very similar to a gene coding for 
die second phytase [phyB] in A. niger NRRL 3135 (Ehrlich et a]., 1993). 

F. Immobilization Studies with Phytase and Acid Phosphatase 

Fungal phytase and acid phosphatases are hydrolvtic enzymes with 
a high catalytic turnover number— typically the range being from 220 
to 1000 per second (Ullah, 1988a, Ullah and Cummins, 1987b, 1988b). 
Thus, these categories of enzymes are the ideal candidates for immo- 
bilization and construction of packed-bed bioreactors. Phytases act on 
myoinositol hexaphosphate to degrade sequentially to liberate ortho- 
phosphates, the byproduct being myoinositol penta-, tetra-, tri-, di-, 
and monophosphate. An efficient bioreactor of the immobilized phy- 
tase could be used to produce various species of myoinositol polyphos- 
phates and treat soybean milk to lower the content of myoinositol 
hexa-, and pentaphosphate. The higher form of myoinositol phos- 
phates, i.e.. hexa-. and pentaphosphate, may act as metal chelators, 
and thus interfere with the mineral nutrition in monogastric animals. 
The enzymatic action of immobilized phytase on phytate may render 
the molecule to be a nonchnlator by conversion to a lower form of my- 
oinositol tetra-, and triphosphates. Aspergillus niger NRRL 3135 phyA 
was covalently immobilized on Fractogel TSK HVV-75 F. A packed-bed 
bioreactor was constructed with the immobilized enzyme. The catalytic 
parameters and stability of the immobilized enzymes were determined. 
No shift in pH optima was observed for the covalently attached phyA 
compared to the soluble enzyme. The temperature optima shifted from 
58° to 65°C. Despite the increase of K tn for phytate and a downward shift 
in catalytic activity, the immobilized enzyme can hydrolyze over 50% of 
the orthophosphate from phytate after repeated passage through the biore- 
actor (Ullah and Cummins, 1987a). When the product of the bioreactor 
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was characterized by an HPLC on an anion-exchange column, myoinos- 
itol penta-, tetra-, tri-. di-, and monophosphates were detected in the elu- 
ate. After exhaustive hydrolysis of phytate by the bioreactor, only 
myoinositol di-, and monophosphates were detected in the eluate (Ullah 
and Phillippy, 1988). To improve the kinetic parameters of the immobi- 
lized biocatalyst, fungal phytase was also covalently attached to glu- 
taraldehyde-activated silicate (Ullah and Cummins, 1988a). About 20% 
of the total phytase was bound to the activated resin, and the catalytic 
activity of the bound protein was reduced fourfold. This may have re- 
sulted from extensive crosslinking of the phytase to the silicate, in an at- 
tempt to immobilize phytase through its carbohydrate moieties rather 
than protein backbone, the biocatalyst was immobilized on crosslinked 
agarose (Dischinger and Ullah, 1992). When immobilization was achieved 
through the protein backbone, myoinositol di- and monophosphates 
were the predominant species generated on substrate passage. By con- 
trast, when immobilization was performed using carbohydrate side 
chain, a maximum of 31% of the available phosphate was cleaved. This 
may be a consequence of a difference in conformation ofithe catalytic 
active center, which resulted from differential crosslinking of the en- 
zyme through its carbohydrate moieties. The bioreactor's output and 
the K rMX indicate a diminished catalytic performance. Similar dimin- 
ished activity was also observed with the immobilized phytase when 
the attachment was made through the protein backbone. The results of 
the immobilization study indicate that the active catalytic center of the 
enzyme may be distorted by extensive crosslinking of proteins to the 
matrix. Because the native phytase is heavily glycosylated, prevention 
of extensive crosslinking is difficult. By using site-directed mutagene- 
sis, it should be possible to remove most glycosylation to produce an en- 
zyme that can be immobilized by a few carbohydrate chains while 
retaining a high level of activity. 

VI. Feed Studies with Phytase 

A. Early Studiks with Poultry 

Studies on enzymatic treatment of feed using microbial phytase sources 
have demonstrated that this method increases the bioavailability of pro- 
teins and essential minerals and provides levels of growth performance 
as good as or better than those -with phosphate supplementation. Nelson 
et ai (1968a) were the first to pretreat a corn-soya diet with culture fil- 
trate containing phytase A. niger NRRL 3135 to a corn-soya diet and fed 
it to 1 day old chicks. The chicks showed increases in bone ash due to the 
phylin-P released from the dietary substances by the enzyme. When the 
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phytin-P of either soybean meal or cottonseed meal was hydrolyzed by 
the phytase in the culture filtrate, it was necessary to increase the mois- 
ture level to distribute the enzyme within the meal (T. R. Shieh, personal 
communication). The cost of heat energy to dry the treated meal to pre- 
vent subsequent spoilage in a proposed process was higher than the value 
of phosphorus released. This approach was abandoned. 

Nelson et al (1971) added graded levels of solvent-precipitated A. 
nigerNKRL 3135 phytase to an experimental and to a commercial corn 
soybean meal diet and fed it to chicks. They measured bone ash and 
feed-to-gain ratios. They reported that the enzyme was active in the an- 
imals and that they were able to incorporate the released phytin-P into 
bone. The feed-to-gain ratios were higher than would be expected. They 
concluded that chicks could utilize the P from phytin-P as well as sup- 
plemental P. They also titered the enzyme in the chick and presented 
data that indicated the units of phytase that would be required to at- 
tain maximum phosphorus release from the diets. The maximum 
amount of phytin-P (2.1-3.0 g / kg of diet) was released if 1500-2000 
p.m P/hr/ml of phytase was added per kilogram of diet: Nelson et al 
(1968c) determined the effect of feeding phytase on calcium require- 
ments. They concluded that if 90% of the phytin-P was hydrolyzed by 
phytase, the amount of calcium from natural ingredients required in the 
diet was at least one-third less. The superior activity of A, niger NRRL 
3135 phytase and its practical application to animal feed for the removal 
of phytic acid has been demonstrated in many experiments (Han, 1989; 
Han and Wilfred, 1988; Howson and Davis, 1983; Nelson at al, 1971, 
1968a; Rojas and Scott, 1968). 

B. Recent Studies on Phytase as a Feed Additive 

Simons et al (1990), Jongbloed and Kemme (1990), and Jongbloed 
at al (1992), in The Netherlands, collaborated to reaffirm the pioneer- 
ing studies of Nelson et al (1968a,b, 1971) of phytase fed to broilers. 
They not only confirmed the earlier work with the feeding of solvent 
precipitated enzyme to chick diets, but they also extended the data and 
were the first to demonstrate the efficacy of feeding phytase to swine. 
They concluded that the addition of enzyme (1000 |xm P/hr/ml of phy- 
tase/kg of diet) was sufficient to provide levels of performance equal to 
or better than that attained by adding supplemental inorganic; phosphate 
to a broiler diet. If the amount of enzyme was increased to 1 500 ja,m 
P/hr/ml of phytase/kg of diet, the results indicated improved perfor- 
mance compared with birds fed control diets. It is interesting to com- 
pare these feed studies with those of Nelson at al (1971). The units of 
enzyme required for releases of phytin-P in commercial type diets is in 
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fairly close agreement. They extended their studies and measured the 
amount of phosphorus in the feces of the broilers fed enzyme. When 
microbial phytase was fed to low-P diets for broilers, the availability of 
P increased to 60% and the amount of P in the droppings decreased by 
50%. They established the potential benefits that the use of phytase in 
commercial diets would have on abating phosphate pollution in soil 
and water pollution. 

Royal Gist-brocades, Delft, The Netherlands has conducted and/or has 
furnished phytase (Natuphos produced by cloning phyA from A. niger 
NRRL 3135 into A. niger CR§ 513.88) to various researchers for poultry 
feed studies. The results (Farrell et aL, 1993; Von Schoner et aL, 1992, 
Schoner, 1992, Broz et aL, 1994) have reaffirmed the earlier studies that 
the phytin-P in feed ingredients is utilized by monogastric animals fed 
phytase. They have also extended the studies to layers (Van der Klis and 
Veersteegh, 1991). ducks and ducklings (Farrel et aL, 1993), and swine 
(Beers and Jongbloed, 1992; von Pallauf et aL, 1992; Ketaren et aL, 1993: 
Hoppe et aL, 1993; Mroz et aL, 1994). 

Alko Biotechnology has supplied phytase, Finase F, produced by their 
cloned version of A. niger NRRL 3135 to various researchers who tested 
its effect in swine (Young et aL, 1993; Lei et aL, 1993a f 1994; Cromwell 
et aL. 1993). The results utilizing their preparation are consistent with 
the results using phytase derived from other sources. Lei et aL (1993b) 
demonstrated that the addition of phytase to the diets of weanling pigs 
improved the bioavailability of zinc and phytate phosphorus. 

In some of the studies, data are presented that allow the relationship be- 
tween units of phytase and P released to be calculated. It is noteworthv 
that the units of enzyme required for hydrolysis of a set amount of phytin- 
P are fairly consistent. One can estimate within a fairly narrow range the 
amount of phytase required to hydrolyze the phytin-P present in almost 
any diel thai is used commercially to rear animals. Depending on the spe- 
cific: diet used in the study, 380-1000 ^m P/hr (6308-16600 nKat) of phy- 
tase is required to replace 1 g of P supplied from an inorganic source. 
This value holds from tho earliest research using phytase from the origi- 
nal strain to the cloned strains. It is true in broilers, layers, swine, etc. 
Because some types of diets produce beneficial effects, such as calcium 
and iron availability, it is necessary to empirically test the absolute lev- 
els required if least-cost formulations are to be achieved. 

Additionally, the new studies have measured the concentration of 
phosphorus in the intestinal tract and feces. As such, these studies are 
very useful in quantifying the effect of feeding the enzyme to poultry and 
swine and the effect it lias on pollution abatement. If a sufficient quantitv 
of enzyme is fed, the calculated P agrees with the decrease in P excreted. 
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VII. Economics and Potential Effect of Phytase on Pollution Abatement 

One of the driving forces in the development of phytase as a product 
is the awareness of the environmental effects of the release of concen- 
trated pollutants, especially in intensive agricultural production of an- 
imals. In various European countries, especially in The Netherlands 
and Germany, government has mandated that the amount of manure 
that may be landspread is governed by the actual needs of the soil and 
the crop and not by some arbitrary stocking rate (Dunn, 1994). If a live- 
stock producer wishes to increase the size of its animal production unit 
without increasing the acreage of land on which the manure is spread, 
it is necessary to decrease the total phosphate and other nutrients in 
the manure. This necessitates either a more efficient method to utilize 
the phosphorus supplied to the animal or the necessity to remove the 
phosphorus from the excrement before discharge to the environment. 
These mandates in the late 1980s caused a resurgence in the interest in 
phytase. The economics of the situation was changed. The value of phy- 
tase was no longer restricted to the value of phytin-P releasee! or some 
nebulous benefit from the enzyme preparations not yet identified. A 
flurry of research activity occurred 

If phytase was used as a feed ingredient in the diets of all of the mono- 
gastric animals reared in the United States, it would release phospho- 
rus that has a value of $1.68 x 10 H (Table VIII). These data are based on 
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the most recent livestock production statistics available from the USDA, 
the current value of inorganic phosphate, the amount of feed required 
to produce the animals, etc. 

The animal feed studies discussed previously have provided the 
quantitative data on the amount of supplied dietary phosphate assimi- 
lated by animals and the diminished amount of phosphorus excreted in 
the manure. Hoppe vt aL. (1993); Hoppo (1992); Von Schoner and 
Hoppe (1992): and Von Schoner fit aL, (1992) have summarized and 
conservatively estimated (he amount of phosphorus that is assimilated 
and not excreted when phytase is used in the diets of poultry and swine 
le.g., the feeding of phytase to swine caused an average reduction of P 
excreted in all trials of 56 ± 9% (Hoppe. 1992)]. When those data (Hoppe 
et aL, 1993: Hoppe. 1992: Von Schoner and Hoppe, 1992: Von Schoner 
et aL, 1992) are used as a basis of estimating the reduced phosphate lev- 
els excreted in manure and are multiplied by the number of monogas- 
tric animals reared in Ihe United States, 8.23 x 10 7 kg of P would be 
precluded from entering the environment (Table IX}. 
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VIII. Future Studies 

Future studies will probably be concentrated on (i) enzyme engi- 
neering to improve the heat stability of the enzyme, reduce the molec- 
ular mass, and construct a chimeric enzyme with the acid phosphatase; 
(ii) elucidation of the 3-dimensional structure of the enzyme and pre- 
cise glycosylation of the enzyme especially in different plant and mi- 
crobial systems; (iii) increasing yields in microbial and plant systems by 
use of various promoters and leader sequences; (iv) application research 
to find additional uses of the enzyme; (v) basic research on inositol in- 
termediates in plant and animal systems that may create demand for an 
immobilized enzyme to produce those intermediates; (vi) additional 
titration of the enzyme in animals for use of least-cost formulations; 
and (vii) research on delivery systems for the enzyme for use in animal 
feeds (cloning of the enzyme into various plants high in phvtin-P that 
are used in commercial diets). 

IX. Summary 

Of all the sources of phytase that have been studied (plant, animal, 
and microorganisms), the highest yields are produced by a wild-type 
strain A. n/gerNRRL 3135 (12.7 mg P/hr/ml = 6.8 ^m P/ml/min = 113.9 
nKat/ml) in a mineral salt medium in which total phosphate (4 mg %) is 
limiting for growth and cornstarch and glucose are the carbon sources. 
Synthesis of the enzyme is repressed by phosphate in the wild-tvpe strain. 

Aspergillus niger NRRL 3135 produces two phylases one with pH op- 
tima at 2.5 and 5.5 (phyA) and one with an optimum at pH 2.0 (phyB). 
It also produces a pH 6.0 optimum phosphatase that has no phytase ac- 
tivity. These three glycoproteins have been purified to homogeneity, 
characterized, sequenced, and cloned. The sequences have been com- 
pared to each other, other phytases, and to known phosphatases. Their 
homology has been determined. The active sites of phytases show re- 
markable homology to the active site residues of the members of a par- 
ticular class of acid phosphatase (histidine phosphatase). The most 
conserved sequence is RHGXRXP. 

Phytase has been covalently immobilized on Fractogei TSK HW-75 F 
and glutaraldehyde-activated silicate. It has been immobilized on 
agarose. Losses of activity have been noted on immobilization but these 
may be minimized by future research. It should be possible to commer- 
cially produce and recover penta-, tetra-, tri-, di-, and monoinositol phos- 
phates using immobilized phytase if markets develop for those products. 
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Phytase (pliyA) from A. niger NKKL 3135 has been cloned into an 
A. niger glucoamylase producing strain CBS 513.88 using a construct 
that has a glucoamylae promoter and an A. n/ger NRRL 3135 leader se- 
quence, and that is devoid of phosphate repression. The yield of the se- 
creted enzyme was increased 52-fold above that of wild-type A. niger 
NRRL 3135. The bioengineered organism produces 270 jmm P/ml/min 
(4500 nKat/ml) which is approximately 7.9 g/liter in the medium. The 
yield of the secreted enzyme was increased 1440-fold above that of 
wild type CBS 513.88. Commercial preparations of the cloned enzyme 
are available. 

Phytase (phyA) has been cloned into tobacco and canola. The enzyme 
is localized in the seed and expressed at high levels. Feeding of the seed 
to animals has made the phytin-P in the commercial diets available to 
the animals. 

The efficacy of feeding phytase to monogastric animals (poultry and 
swine) has been established. The amount of enzyme that is necessary to 
be added to commercial diets has been titred for broilers, layers, 
turkeys, ducks, and swine. The units of enzyme required are related to 
the phytin-P content in the diet. The use of the enzyme as a feed addi- 
tive has been cleared in 22 countries. If phytase were used in the diets 
of all of the monogastric animals reared in the U. S. , it would release 
phosphorus that has a value of $1.68 x 10 s per year. The FDA has ap- 
proved the enzyme preparation as GRAS. 

The effect of feeding phytase to animals enables assimilation of the P 
found in feed ingredients and diminishes the .amount of phosphate in 
the manure and subsequently entering the environment. The effect of 
feeding phytase to animals on pollution has been quantitatively deter- 
mined. If phytase were used in the diets of all of the monogastric ani- 
mals reared in the United States, it would preclude 8.23 x 10 7 kg P from 
entering the environment. 
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The phyA gene encoding an extracellular phytase from the thermophilic fungus Thermomyces lanuginosus was 
cloned and heterologously expressed, and the recombinant gene product was biochemically characterized. The 
phyA gene encodes a primary translation product (PhyA) of 475 amino acids (aa) which includes a putative 
signal peptide (23 aa) and propeptide (10 aa). The deduced amino acid sequence of PhyA has limited sequence 
identity (ca. 47%) with Aspergillus niger phytase. The phyA gene was inserted into an expression vector under 
transcriptional control of the Fusarium oxysporum trypsin gene promoter and used to transform a Fusarium 
venenatum recipient strain. The secreted recombinant phytase protein was enzymatically active between pHs 3 
and 7.5, with a specific activity of 110 jxmol of inorganic phosphate released per min per mg of protein at pH 
6 and 37°C. The Thermomyces phytase retained activity at assay temperatures up to 75°C and demonstrated 
superior catalytic efficiency to any known fungal phytase at 65°C (the temperature optimum). Comparison of 
this new Thermomyces catalyst with the well-known Aspergillus niger phytase reveals other favorable properties 
for the enzyme derived from the thermophilic gene donor, including catalytic activity over an expanded pH 
range. 



Phytases (myo-inositol hexakisphosphate phosphohydro- 
lases; EC 3.1.3.8) catalyze the hydrolysis of phytic acid (myo- 
inositol hexakisphosphate) to the mono-, di-, tri-, tetra-, and 
pentaphosphates of myo-inositol and inorganic phosphate. A 
broad range of microorganisms, including bacteria (20), yeasts 
(2), and filamentous fungi (10, 19, 27), produce phytases. 

Phytic acid is the primary storage form of phosphate in 
cereal grains, legumes, and oilseeds, such as soy, which are the 
principal components of animal feeds. However, monogastric 
animals are unable to metabolize phytic acid and largely ex- 
crete it in their manure. Therefore, the presence of phytic acid 
in animal feeds for chickens and pigs is undesirable, because 
the phosphate moieties of phytic acid chelate essential miner- 
als and possibly proteins, rendering the nutrients unavailable. 
Since phosphorus is an essential element for the growth of all 
organisms, livestock feed must be supplemented with inorganic 
phosphate. There are a number of published reports (12, 16, 
18, 26) describing the use of phytases in the feeds of mono- 
gastric animals and in human food. 

When phytic acid is not metabolized by monogastric animals 
the phosphate level in the manure can also create disposal 
problems. The amount of manure produced worldwide has 
increased significantly as a result of increased livestock pro- 
duction. Environmental pollution with high-phosphate manure 
has caused problems in various locations around the world due 
to the accumulation of phosphate, particularly in bodies of 
water. Consequently, animal feed distributors in Europe have 
begun to formulate feed products with supplemental phytase in 
order to improve feedlot productivity and decrease phosphate 
waste. Thus, phytases are also useful for reducing the amount 
of phytate in manure (13, 18). The current commercial feed 
supplement is a recombinant Aspergillus niger (previously As- 
pergillus ficuum) phytase produced in Aspergillus niger (27) or 
Aspergillus oryzae (i.e., Phytase Novo [13]). 
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There is a definite commercial need for second-generation 
phytases with improved properties (e.g., higher thermostability 
and catalytic efficiency) that can be produced in commercially 
significant quantities. Our objectives were to identify, clone, 
and characterize a phytase from a thermophilic fungus in an- 
ticipation that this enzyme would offer superior biochemical 
properties. 



MATERIALS AND METHODS 

DNA extraction and hybridization analysis. Total cellular DNA was extracted 
from Thermomyces lanuginosus CBS 586.94 by the procedure described by Tim- 
berlake and Bernard (21). Genomic DNA samples were analyzed by Southern 
hybridization (6) under conditions of low stringency (i.e., 5X SSPE [IX SSPE is 
0.18 M NaCl, 10 mM NaH 2 P0 4 , and 1 mM EDTA {pH 7.7}], 25% formamide, 
0.3% sodium dodecyl sulfate [SDS]). A phytase-specific probe fragment com- 
prising the Aspergillus niger phyA coding region (approximately 1.6 kb) was 
radiolabeled by nick translation (11) with [a- 2 P]dCTP (Amersham, Arlington 
Heights, 111.) and added to the hybridization buffer at an activity of approximately 
10 6 cpm per ml. The hybridization and washing conditions have been described 
previously (4). 

DNA libraries and identification of phytase clones. Genomic DNA libraries 
were constructed with the bacteriophage cloning vector XZipLox (Life Technol- 
ogies, Gaithersburg, Md.) with Escherichia coli Y1090ZL cells (Life Technolo- 
gies) as a host for plating and purification of recombinant bacteriophages and 
£. coli DHlOBzip (Life Technologies) for excision of individual pZLl -phytase 
clones. Total cellular DNA was partially digested with 7sp509I and size fraction- 
ated on 1% agarose gels. DNA fragments migrating in the range of 3 to 7 kb were 
excised and eluted from the gel with Prep-a-Gene reagents (Bio-Rad Laborato- 
ries, Hercules, Calif.). The eluted DNA fragments were ligated with EcoRl- 
cleaved and dcphosphory lated XZipLox vector arms (Life Technologies), and the 
ligation mixtures were packaged with commercial packaging extracts (Strat- 
agene, La Jolla, Calif.). The packaged DNA libraries were plated and amplified 
in E. coli Y1090ZL cells (Life Technologies). Approximately 30,000 plaques 
from the library were screened by plaque hybridization with the radiolabeled 
phytase probe. One positive clone which hybridizes strongly to the probe was 
picked and purified twice in E. coli Y1090ZL cells. The phytase clone was 
subsequently excised from the XZipLox vector as a pZLl -phytase clone (5) and 
designated pMWR46. 

Molecular analysis of the T. lanuginosus phytase gene. Restriction mapping of 
pMWR46 was performed by standard methods (11). DNA sequencing of the 
phytase clones was performed with mode) 373A automated DNA sequencer 
(Applied Biosystems, Inc., Foster City, Calif.) by the primer-walking technique 
with dye-terminator chemistry (7). In addition to the lac forward and lac reverse 
primers, specific oligonucleotide sequencing primers were synthesized on an 
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Applied Biosystems model 394 DNA-RNA synthesizer according to the manu- 
facturer's instructions. 

Construction of the phytase expression vector pMWR48. The coding region of 
the T. lanuginosus phyA gene was amplified by PCR with the forward primer 
5 '-ATTTAAATGGCGGGGATAGGTTTGG-3 ' and the reverse primer 5'-CT 
TAATTAATCAAAAG CAGCG ATCCC-3 ' . The sense primer incorporated the 
first in-frame ATG and extends 16 bp downstream. The antisense primer incor- 
porated a region 14 bp upstream of the translational stop codon and extends 
through the stop codon. To facilitate the cloning of the amplified fragment, the 
sense and antisense primers contain a Swal and a Pacl restriction site, respec- 
tively. The amplified product was digested with Swal and Pacl and ligated with 
pDMlSl (also digested with Swal and Pacl), a plasm id which provides the 
Fusarium axysporum trypsin gene promoter and terminator and the bar resistance 
cassette (3). The resulting expression vector was designated pMWR48. 

Transformation of Fusarium venenatum and analysis of transform ants. Trans- 
formation protocols and methods for purification of F. venenatum (28) transfor- 
mants are described by Royer et al. (15). Mycelia from primary transformants 
were used to inoculate shake flasks containing 25 ml of M400 Da medium (50 g 
of maltodextrin, 2 g of MgS0 4 • 7H 2 0, 2 g of KH 2 P0 4 , 4 g of citric acid, 8 g of 
yeast extract, 2 g of urea, and 0.5 ml of trace metal solution per liter [15]) and 
incubated with shaking at 30°C. One milliliter of culture supernatant was har- 
vested at 4, 5, and 7 days and stored at 4°C. Phytase activity was assayed as 
described below. Spores from the primary transformants producing the highest 
phytase activity were generated by inoculating 20 ml of R medium (12.1 g of 
NaNOyiiter, 50 g of succinic acid/liter, 20 ml of 50 x Vogel's salts, 25 mM 
NaN0 3 [pH 6.0] [15]) with mycelia and incubating it at 30°C with shaking for 2 
to 3 days. Single spores were isolated by spreading 150 ml of spore culture onto 
manipulator plates (IX Vogel's salts, 25 ml of NaN0 3 , 2.5% sucrose, 2% Noble 
agar) containing 5 mg of Basta [phosphinothricin or 2-amino-4-(hydroxymethyl- 
phosphinyl)butanoic acid; Hoechst-Schering, Rodovre, Denmark] per ml and 
using a micromanipulator to transfer single spores to a clear region of the plate. 
After 3 days of growth at room temperature, the germinated spores were trans- 
ferred to individual Vogel plates containing 5 mg of Basta/ml. Shake flasks 
containing 25 ml of M 400 Da medium plus 5 mg of Basta/ml were inoculated in 
duplicate with mycelial plugs from each single-spore isolate and incubated at 
30°C. The best single-spore isolate was selected based on assay of the secreted 
enzymatic activity, where the transformants produced > 150-fold more phytase 
activity than an untransformed control. 

Protein purification. The best F. venenatum transformant was run in two 
2-liter fermentors with a standard protocol (3). The frozen cell-free broth (1,700 
ml) was thawed, clarified by centrifugation, and concentrated on a hollow-fiber 
Am icon filtration unit with an S1Y10 filter to a volume of 350 ml. The sample 
was adjusted to pH 7, diluted to a conductivity of 2 mS, and chromatographed at 
room temperature on a 75-mI-bed-volume Q-Sepharose Big Beads column 
(Pharmacia), which had been equilibrated in 20 mM Tris-Cl, pH 7. The column 
was developed at 5 ml/min with the equilibration buffer until the effluent A 2iiS) 
had decreased to near baseline. The column was then developed at 5 ml/min with 
a 600-ml gradient of 0 to 0.6 M NaCl in the same buffer. The bound enzyme 
activity was found to elute in fractions corresponding to ca. 0.2 M NaCl. 

The collected activity peak was concentrated by ultrafiltration with a PM-10 
membrane to a volume of 25 ml, diluted to a conductivity of 0.9 mS, and 
chromatographed at 4 ml/min on a MonoQ HR 10/16 column which had been 
equilibrated in 20 mM MOPS (morpholinepropanesulfonic acid), pH 7. The 
column was developed with 80 ml of starting buffer and then with a 400 -ml 
gradient of 0 to 0.5 M NaCl in the same buffer. Enzyme activity was detected in 
fractions by using the ^-nitrophenyl phosphate measurement described below. 
The active fractions were also analyzed with a Novex 10 to 27% gradient SDS- 
polyacrylamide gel, and the fractions were combined if judged by electrophoresis 
to be substantially purified. 

The peak fractions were combined, concentrated with an Am icon PM-10 
membrane by ultrafiltration, and exchanged into 20 mM MES (morpholine 
ethanesulfonic acid), pH 5.5. The sample conductivity was 1.1 mS. One- third of 
this sample was chromatographed at 1 ml/min on a Mono S HR 5/5 column 
(Pharmacia) which had been equilibrated in the same buffer. The column was 
developed with 5 ml of starting buffer and then with a 25 -ml linear gradient of 0 
to 0.6 M sodium chloride in the same buffer. The active fractions were combined 
after electrophoretic analysis to eliminate those which contained trace contam- 
inants. 

Physicochemical characterization. Isoelectric focusing (IEF) was performed 
with a Novex pH 3 to 7 IEF gel according to the instructions of the manufacturer. 
IEF standards from both Pharmacia and Bio- R ad were used to calibrate the gel. 

The protein extinction coefficient was determined experimentally by quantita- 
tive amino acid analysis with a Hewlett-Packard AminoQuant system. The anal- 
ysis assumed 49,700 for the protein molecular weight, based on the translated 
gene sequence for the mature protein. 

Amino-terminal sequence analysis was performed on an Applied Biosystems 
476A sequencer. 

Enzyme assays. Phytase activity was measured by two different methods. Dur- 
ing purification, fractions were rapidly evaluated by measuring the rate of p- 
nitrophenyl phosphate hydrolysis at 405 nm with 10 mM substrate in 0.2 M 
sodium citrate, pH 5.5, at 30°C with a plate reader (Thermomax; Molecular 
Devices). 



Enzyme kinetics studies performed on purified enzyme samples were accom- 
plished by the assay of inorganic phosphate liberated from corn phytic acid 
(Sigma catalog no. P 8810). Exhaustive phytate hydrolysis was accomplished by 
incubating 0.5 or 0.1% phytic acid with enzyme (1 U/ml) in 0.2 M sodium citrate, 
pH 5.5, at 37°C. Aliquots were removed over a period of 10 h and analyzed (see 
below) for kinetics of phosphorus release. Ten hours was found to be sufficient 
for the completion of product formation. Standard enzyme kinetics reactions 
were carried out for 30 min at 37°C in 0.5% (wt/wt) phytic acid. The reaction was 
quenched by the addition of an equal volume of 15% (wt/wt) trichloroacetic acid. 
After cooling, 100 uJ of the resulting mixture was diluted in 1 ml of water. The 
sample was incubated at 50°C for 5 min. Color reagent (1 ml) was added, and the 
50°C incubation was continued for 15 min. The absorbance of a 200-fil aliquot 
was measured at 690 nm with a microplate reader. The color reagent was 
composed of 6 N sulfuric acid-water-2.5% (wt/vol) hepta-ammonium molyb- 
date-10% ascorbate (aqueous) in a ratio of 1:2:1:1 and was prepared fresh daily. 
Quantitation was based on a standard curve generated with a 10 mM sodium 
monobasic phosphate standard. One unit is defined as 1 u.mol of inorganic 
phosphate released per min with 0.5% phytic acid in 0.2 M sodium citrate, pH 
5.5, at 37°C. 

Steady-state kinetics measurements were made by substrate titration. Phytate 
concentrations were 2.16, 1.08, 0.541, 0.216, 0.108, and 0.0758 mM for K m 
determination. Phytate concentrations of 1.08, 0.541, 0.216, and 0.108 mM in the 
presence or absence of 1 mM sodium monobasic phosphate were used to eval- 
uate product inhibition. 

Thermostability measurement Phytase samples were dissolved at 100 U per 
ml in 0.2 M sodium citrate, pH 5.5. One hundred-microliter aliquots of each 
enzyme solution were incubated for 20 min in a water bath at 37, 45, 50, 55, 60, 
65, 70, and 75°C. After the heat treatment, the samples were stored at 0°C until 
activity assays were performed. Each sample was diluted 1:80 in 0.2 M sodium 
citrate, pH 5.5, containing 0.01% (wt/wt) Tween 20, and the standard activity 
assay was performed. 

pH -activity measurement To attain a buffering range between pHs 2 and 7, a 
three-component 125 mM glycine-acetate-citrate buffer was employed. The 
buffer components were combined at final concentrations of 42 mM per com- 
ponent, and phytic acid was added as a solid to 1% (wt/wt). This mixture was 
adjusted to pH 7 with concentrated HQ, and a 10-ml aliquot was taken. This 
process was repeated for every 0.5 pH units through pH 2. 

Enzyme stock solutions of 20 U per ml were prepared in 20 mM MES buffer, 
pH 5.5. Substrate (1% [wt/wt]; 850 u,l) in buffer at a given pH was combined with 
100 u,l of water and 50 u.1 of enzyme stock solution and incubated for 30 min at 
37°C. Subsequently, the enzyme reaction was quenched with 1 ml of 15% tri- 
chloroacetic acid and quantitated by the standard method. 

Temperature-activity measurement Enzyme stock solutions of 12.5 U per ml 
were prepared in 0.2 M sodium citrate buffer, pH 5.5. Two hundred fifty micro- 
liters of 1% phytic acid substrate was added to a 1.7-ml Eppendorf tube followed 
by 240 uJ of 0.2 M sodium citrate buffer, pH 5.5. This solution was vortexed and 
placed in a water bath at the designated temperature. After 20 min of equili- 
bration in the water bath, the mixture was vortexed and 10 u.1 of phytase solution 
was added. The sample was vortexed and incubated in the water bath for an 
additional 30 min, and then the reaction was quenched with 1 ml of 15% 
trichloroacetic acid and quantitated by the standard method. 

Nucleotide sequence accession number. The complete phyA gene sequence has 
been deposited in GENESEQN as accession no. T90070. 



RESULTS 

Cloning of phytase gene sequences from T. lanuginosus. 
Southern blotting experiments indicated that an Aspergillus 
phytase gene fragment could be used as a probe to identify 
phytase gene-specific fragments in T. lanuginosus genomic 
DNA (Fig. 1). We screened 30,000 plaques from a genomic 
library of T. lanuginosus DNA constructed in XZipLox for 
hybridization with the Aspergillus phytase gene probe. Several 
positive clones were picked and excised by an in vivo-excision 
protocol (5). 

Analysis of the T. lanuginosus phyA gene. DNA sequencing . 
of one T. lanuginosus phytase clone (pMWR46) showed an 
open reading frame similar to the A. niger phytase gene. The 
positions of introns and exons within the phyA gene were 
assigned based on comparison of the deduced amino acid 
sequence with the deduced amino acid sequence of the corre- 
sponding A, niger phytase gene product. On the basis of this 
analysis, the T. lanuginosus phytase gene is comprised of two 
exons (47 and 1,377 bp), which are separated by a small intron 
(56 bp). The size and composition of the intron is consistent 
with those of other fungal genes (9) in that all contain consen- 
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FIG. 1. Autoradiogram from Southern hybridization analysis of T. lanugino- 
sus genomic DNA with an Aspergillus phytase gene probe. Lanes 1 and 2, A. niger 
genomic DNA digested with BamHl and BamHl plus Pstl, respectively; lanes 3 
and 4, Myceliophthora thermophila genomic DNA digested with Bam HI and 
BamHl plus Pstl, respectively; lanes 5 and 6, Thielavia terrestris genomic DNA 
cleaved with BamHl and BamHl plus Pstl, respectively; lanes 7 and 8, T. lanugi- 
nosus genomic DNA cut with BamHl and BamHl plus Pstl, respectively. 
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FIG. 3. Phytase thermal stability. Comparison of residual enzyme activity 
after a 20-min incubation at various temperatures. Full activity corresponds to 10 
U. Solid bar, A. niger phytase; cross-hatched bar, T. lanuginosus phytase. 



sus splice donor and acceptor sequences as well as a near 
approximation of the consensus lariat sequence (RCTRAC) 
near the 3' end of each intervening sequence. 

The deduced amino acid sequence of the T. lanuginosus 
gene product shows the characteristics of an extracellular fun- 
gal enzyme with a cleavable signal sequence. Based on the 
rules of von Heijne (25), the first 22 amino acids of PhyA likely 
comprise a secretory signal peptide which directs the nascent 
polypeptide into the endoplasmic reticulum. Amino-terminal 
amino acid sequencing suggests that the next 10 amino acids 
constitute a propeptide which terminates with a dibasic cleav- 
age site (LysLys). The mature PhyA is an acidic protein (pre- 
dicted isoelectric point, 5.4) composed of 452 amino acids 
(molecular mass, 51 kDa). The amino acid sequence also con- 
tains the active-site motif RHGXRXP, which is shared by 
other known phytases and acid phosphatases (Fig. 2) (23, 27). 
Lastly, the deduced amino acid sequence of the mature PhyA 
has approximately 47.5% identity with the phytase from A. 
niger (GenBank accession no. M94550). 

Analysis of F. venenatum transformants expressing T. 
lanuginosus phytase. F. venenatum has recently been developed 
as an efficient fungal host for the production of heterologous 
proteins (15). Culture supernatants from 14 of the 17 primary 
transformants of pMWR48 were positive when assayed for 
phytase activity. Two primary transformants with the highest 
phytase activity were selected for single-spore isolation, and 
nine single-spore isolates were obtained. 

Physicochemical characterization of the recombinant 
phytase. The purified T. lanuginosus phytase was apparently 
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FIG. 2. Alignment of putative active-site regions of acid phosphatases (AP) 
and phytases from various species. The M. thermophila (Myeeliophth; TREMBL 
000107), Talaromyces thermophilic {Talaromyc; TREMBL 000096), A. fumiga- 
tes (TREMBL 000092), A. ficuum (A. niger) (SwissProt P34752 and P34754), 
Saccharomyces cerevisiae (YScAP3 and -5; SwissProt P24031 and P00635), hu- 
man (HuPAP and HuLAP; SwissProt P15309 and PI 1117), and E. coli 
(SwissProt P07102) sequences were obtained from the databases indicated. The 
numbers in parentheses are the starting amino acid positions from the mature 
proteins for the sequences compared. Identical amino acids are boxed. Thermo- 
cyl, T. lanuginosus. 



homogeneous in SDS-polyacrylamide gel electrophoresis, with 
a single component corresponding to a molecular weight of 
60,000. The protein sample contained numerous components 
in IEF analysis ranging from pH 4.7 to 5.2. In contrast to the 
T. lanuginosus phytase, recombinant A. niger phytase is com- 
posed of a single major component with a pi near 4.9 and two 
minor bands around pi 4.7. 

Amino-terminal sequence analysis of the purified T. lanugi- 
nosus enzyme identified three components: the major compo- 
nent (ca. 60%) is H 2 N-His-Pro-Asn-Val-Asp-Ile-Ala-Arg-His- 
Trp-Gly-Gln. . which corresponds to a Kex2 cleavage site at 
position 34 in the primary translation product. Two minor 
sequences, H 2 N-Gly-Glu-Asp-Glu-Pro-Phe-Val-Arg-Val-Leu- 
Val-Asn. . .(ca. 30%) and H 2 N-Ser-Glu-Glu-Glu-Glu-Glu-Gly- 
Glu-Asp-Glu-Pro-Phe. . .(ca. 10%), correspond to internal 
cleavage sites near the COOH terminal of the protein at po- 
sitions 428 and 435 in the primary translation product. The 
observation that our protein sequence data exactly match the 
predicted translation product of the T. lanuginosus gene and 
the finding that untransformed Fusarium host strains produce 
2 orders of magnitude less enzyme activity both argue strongly 
that we have isolated a heterologous gene product. 

The specific activities for the two recombinant phytases (i.e., 
those of T. lanuginosus and A. niger) were 91 and 180 U/mg, 
respectively, under standard assay conditions at pH 5.5. At its 
pH 6 optimum T, lanuginosus phytase had a specific activity of 
110 fjLmol of inorganic phosphate released per min per mg of 
protein at 37°C. Exhaustive enzymatic hydrolysis of phytic acid 
revealed that A. niger and 7". lanuginosus phytases released 
identical amounts (70%) of the total theoretically available 
phosphorus. Steady-state kinetic measurements disclosed that 
the apparent K m of T. lanuginosus phytase is approximately 110 
jxM with respect to phytate while A, niger has an apparent K m 
of 200 jxM. There was a faint indication of excess substrate 
inhibition at the 2.16 mM substrate concentration, perhaps 
congruent with the report of inhibition above 2 mM for A, niger 
phytase (22). Steady-state kinetics measurements with 1 mM 
phosphate present failed to reveal any type of inhibition with 
this product. We estimate that the K, for phosphate must 
exceed 3 mM to be undetectable in our experiments. In con- 
trast Ullah (22) has reported that phosphate is a competitive 
inhibitor, with a K t of 1.9 mM. 

A comparison of enzyme thermostability profiles (Fig. 3) 
suggests that differences between the stabilities of the two 
enzymes are small. Neither enzyme is fully inactivated by a 
high-temperature incubation, and the residual activity profiles 
are consistent with partially reversible thermal denaturation 
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FIG. 4. Phytase pH-activity profile; comparison of relative enzyme activity at 
various incubation pHs. A relative activity of 100% corresponds to 1 and 1.21 
u.mol of inorganic phosphate released per min for A. niger and T. lanuginosus 
phytases, respectively. Solid square, A. niger phytase; open circles, T. lanuginosus 
phytase. 



(24). Differential scanning calorimetry (DSC) experiments re- 
veal that the A. niger enzyme has a transition at 60°C while T. 
lanuginosus phytase unfolds at 69°C. Others have reported an 
Aspergillus fumigates phytase which has an apparently greater 
propensity for reversible thermal denaturation (14), as mea- 
sured by residual enzyme activity. However, there are no pub- 
lished data on thermal denaturation points for the A fumigatus 
phytase or other phytase species. 

The pH-activity profile comparison of T. lanuginosus and A. 
niger phytases indicates substantial similarity between the pH 
profiles of the two enzymes (Fig. 4). However, the T. lanugi- 
nosus enzyme is active at neutral pH while the A. niger enzyme 
is not. We could not reproduce the earlier reports (e.g., refer- 
ence 17) that A. niger phytase possesses two pH optima; em- 
ploying a composite buffer, we measured a broad shoulder 
near pH 3. We note that there are very few cases of a single 
enzyme species possessing two pH optima. The earlier reports 
may originate from impure material which contains traces of 
the A niger acid phosphatase (29), or they could be artifacts of 
employing more than one buffer to span the pH range. 

Measurement of enzyme activity- as a function of tempera- 
ture revealed a significant difference between the two enzymes 
(Fig. 5). T. lanuginosus phytase has maximum enzyme activity 
near 65°C and has partial activity even at 75°C. In contrast, A. 
niger phytase is essentially inactive at 65°C. These results are 
congruent with the DSC data for the two enzymes, which also 
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FIG. 5. Phytase temperature-activity measurement; observed enzyme activity 
as a function of incubation temperature. A relative activity of 100% corresponds 
to 0.125 nmol of inorganic phosphate released per min. Solid squares, A. niger 
phytase; open circles, T. lanuginosus phytase. 



indicate a 9°C stability improvement for the Thermomyces 
phytase. 

DISCUSSION 

Enzyme activity at elevated temperatures may be relevant in 
applications such as saccharification (a high-temperature in- 
dustrial process to generate high-fructose corn syrup), where 
others have reported that the addition of phytase improves 
carbohydrate yields (1). Figure 5 demonstrates that at 55°C, 
the optimal temperature for A niger phytase, the Thermomyces 
phytase performs at 79% of the A, niger phytase turnover 
number (despite lower specific activity for Thermomyces 
phytase at 37°C) and at 60°C the Thermomyces phytase is 
operating at 67%-greater catalytic efficiency than the A, niger 
enzyme. The A. niger phytase is inactivated at 65°C, where 
Thermomyces phytase activity is maximal. 

Enzyme thermal stability is also relevant in animal feed 
applications, where the enzyme is normally incorporated into 
the grains prior to pelletization and the feed briefly reaches 
processing temperatures of 85 to 90°C. In this circumstance a 
commercial phytase product must be able to withstand brief 
heating prior to encountering an animal's digestive tract at 
37°C. Our physicochemical data demonstrate an improvement 
of approximately 9°C in denaturation temperature for Ther- 
momyces phytase versus the present A. niger product. 

Animal-feeding trials with formulated phytase supplemen- 
tation would involve testing a total of 300 broilers or piglets at 
two enzyme dosages plus a control without enzyme addition. 
Typically the apparent total-tract digestibility of dissolved mat- 
ter, organic matter, nitrogen, calcium, and total phosphorus 
would be monitored at one or two points during an animal's 
growth to determine the effect of enzyme dosage on feed 
intake and conversion. Such animal-feeding trials and the level 
of analysis required to present and evaluate the data are be- 
yond the scope of this paper. 

It is tempting to speculate about the structural origins of 
thermal stability in phytases. However, there is no obvious 
pattern to the sequence differences between phytases from 
thermophiles (represented by Myceliophthora, Talaromyces, 
and Thermomyces) and mesophiles (represented by A. niger 
and A fumigatus). For example, there are no gross differences 
in protein structure, such as addition or deletion of secondary 
structure elements. Nor is there a systematic pattern to the 
sequence differences between the two representative enzymes; 
i.e., hydrophobic replacements, addition of salt bridges, addi- 
tion of potential disulfide bonding sites, and deletion of aspar- 
agine or aspartate residues are not readily apparent. The most 
striking difference is the additional consensus N-linked glyco- 
sylation site present in the two Aspergillus enzymes (sequence 
position 231 in reference 27) but missing in the three thermo- 
phile examples. We believe that the most likely explanation 
which can be deduced for the sequence differences is derived 
from evolutionary rather than functional factors. 

Recently the discovery of new industrial enzymes has fo- 
cused on novel microbial sources representing extreme condi- 
tions (extremophiles). In many cases the genes encoding these 
interesting enzymes can be cloned without prior isolation of 
the catalyst or culturing of the donor microbe. However, het- 
erologous production of the novel enzyme often results in 
extremely low yields of secreted product or accumulation of 
inactive material as inclusion bodies. Either of these outcomes 
is incompatible with the production economics required for 
commercialization. We have searched for new industrial cata- 
lysts from a constellation of thermophilic fungi that are more 
closely related than the extremophiles to the industrial fungal 
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production strains which are available. We have successfully 
isolated enzymes with both improved thermal stability charac- 
teristics and the potential for high-level commercial produc- 
tion (4). 

7. lanuginosus phytase is an alternative enzyme with perfor- 
mance advantages over the conventional^, niger enzyme in the 
form of stable enzyme activity at elevated temperatures and 
superior substrate saturation kinetics at physiological pH. A 
second-generation commercial enzyme may also benefit from 
protein engineering when a three-dimensional protein struc- 
ture is available, as is the case for the A fumigatus enzyme (8). 
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The Bacillus subtilis strain VTT E-68013 was chosen for purification and characterization of its excreted 
phytase. Purified enzyme had maximal phytase activity at pH 7 and 55°C. Isolated enzyme required calcium for 
its activity and/or stability and was readily inhibited by EDTA. The enzyme proved to be highly specific since, 
of the substrates tested, only phytate, ADP, and ATP were hydrolyzed (100, 75, and 50% of the relative activity, 
respectively). The phytase gene (phyQ was cloned from the B. subtilis VTT E-68013 genomic library. The de- 
duced amino acid sequence (383 residues) showed no homology to the sequences of other phytases nor to those 
of any known phosphatases. PhyC did not have the conserved RHGXRXP sequence found in the active site of 
known phytases, and therefore PhyC appears not to be a member of the phytase subfamily of histidine acid 
phosphatases but a novel enzyme having phytase activity. Due to its pH profile and optimum, it could be an 
interesting candidate for feed applications. 



Cereals, legumes, and oilseed crops are grown in over 90% 
of the world's harvested area. These crops serve as a major 
source of nutrients for humans and animals. An important 
constituent in these crops is phytic acid (myo-inositol hexa- 
phosphate). The salt form, phytate, is the major storage form 
of phosphorus and accounts for more than 80% of the total 
phosphorus in cereals and legumes (27). Phytases are enzymes 
capable of hydrolyzing phytic acid to less-phosphorylated myo- 
inositol derivates. Monogastric animals, such as pig, poultry 
and fish, are not able to metabolize phytic acid, and therefore 
inorganic phosphate is added to their diets to satisfy the phos- 
phorus requirement. This consequently contributes to phos- 
phorus pollution problems in areas of intensive livestock pro- 
duction (1, 19, 20). Phytic acid also acts as an antinutritional 
agent in monogastric animals by chelating various metal ions 
needed by the animal, such as calcium, copper, and zinc (5, 13, 
14). Therefore, the enzymatic hydrolysis of phytic acid into 
less-phosphorylated myoinositol derivatives in the intestine of 
monogastric animals is desirable. Many attempts to enzymat- 
ically hydrolyze phytic acid have been made to improve the 
nutritional value of feed and to decrease the amount of phos- 
phorus excreted by animals (12, 24, 32). There have been 
reports of partially purified microbial phytase preparations 
from a variety of microbial species (4, 6, 7, 8, 10, 30, 33), the 
best characterized being those from Aspergillus ficuum (34) 
and Aspergillus niger (3). There are two previous reports on 
partial purification of phytase from Bacillus subtilis (26, 31). 
Genes encoding fungal phytases from Aspergillus niger (3, 25, 
36), Aspergillus fumigatus (22), Aspergillus terms (16), Mycelio- 
phthora thermophila (16), Aspergillus nidulans (23), and Talaro- 
myces thermophila (23) have been cloned and sequenced. The 
only bacterial phytase cloned so far is the Escherichia coli gene 
appA, which encodes periplasmic phosphoanhydride phospho- 
hydrolase (2). However, due to the kinetic parameters, this 
enzyme should be designated a phytase (8). 
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In the present study, we screened several food-grade bacte- 
rial strains belonging to the genus Bacillus for extracellular 
phytase production. Phytase from the strain showing the high- 
est phytase production was purified and partially character- 
ized, and the gene was cloned, sequenced, and recombinantly 
produced. Therefore, we report here the first cloned, se- 
quenced, and recombinantly produced food-grade bacterial 
phytase. 

MATERIALS AND METHODS 

Chemicals and bacterial strains. Phytic acid, dodecasodium salt, was pur- 
chased from Sigma Chemical Co., St. Louis, Mo. Wheat bran was purchased 
locally (Melia Ltd., Raisio, Finland). All other chemicals were of the analytical 
grade commercially available. The following strains were obtained from the 
culture collection of the Technical Research Centre of Finland (VTT): Bacillus 
amyloliquefaciens VTT E-71014, VTT E-71015, VTT E-80124, and VTT E- 
90408; Bacillus coagulans VTT E-82150; Bacillus licheniformis VTT E-80117, 
VTT E-80118, VTT E-80119, and VTT E-83175; Bacillus stearothermophilus 
VTT E-81128, VTT E-81129, VTT E-84208, and VTT E-88318; and B. subtilis 
VTT E-68012, VTT E-68013, VTT E-70009, VTT E-83176, VTT E-83177, VTT 
E-83178, VTT E-84207, and VTT E-85178. £. coli XL-1 Blue MRF and SOLR' 
(Stratagene, San Diego, Calif.) were used as a host for DNA manipulations and 
gene expressions. E. coli RV308 expression host was obtained from Kristiina 
Takkinen, Technical Research Centre of Finland. A niger phytase Natuphos was 
obtained from Gist-brocades, Delft, The Netherlands. 

Screening of Bacillus strains for phytase production. Strains were tested for 
phytase production in Luria broth, in Luria broth supplemented with phytate, 
and in wheat bran extract medium described by Powar and Jagannathan (26). 
Samples were withdrawn from the culture media at different time points, cleared 
by centrifugation, and passed through a PD-10 gel filtration column (Pharmacia 
Inc., Uppsala, Sweden). These crude enzyme preparations were assayed for 
phytase activity as initially described by Shimizu (31). 

Purification of native phytase. All purification steps were carried out at 0 to 
4°C unless otherwise stated. Bacteria grown on wheat bran extract were collected 
by centrifugation at 7,000 X g for 30 min. CaCl 2 was added to a final concen- 
tration of 1 mM in the collected supernatant. The enzyme was precipitated by 
adding 3 volumes of cold (-20°C) ethanol with constant stirring. Stirring was 
continued for 45 min, and the precipitation was continued overnight. The pre- 
cipitate was collected by centrifugation at 1,800 X g for 20 min. The collected 
precipitate was washed once with cold (-20°C) ethanol and once with cold 
(-20°C) acetone. Excess acetone was evaporated under nitrogen gas flow. The 
drying was completed by lyophilization. Dried precipitate was dissolved in 100 
mM Tris-HCl (pH 7.5) supplemented with 1 mM CaCl 2 , and then ammonium 
sulfate was added slowly with constant stirring to give 65% saturation. The 
solution was incubated overnight and centrifuged at 9,000 x g for 60 min, and the 
supernatant was collected. Ammonium sulfate was added to the supernatant to 
give 85% saturation. The solution was incubated overnight. Precipitate was 
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collected by centrifugation at 9,000 x g for 60 min. The pellet was dissolved in 
100 mM Tris-HCl (pH 7.5) supplemented with 1 mM CaCl 2 . Aliquots of enzyme 
preparation were stored at -20°C. For the enzyme assays in defined buffers, an 
aliquot of the enzyme preparation was thawed and passed through a PD-10 gel 
filtration column (Pharmacia) into an appropriate buffer. For the enzyme assays 
in wheat bran buffer systems, aliquots of enzyme preparation were passed 
through a PD-10 gel filtration column (Pharmacia) into a 100 mM Tris-HCl (pH 
7.5) buffer supplemented with 1 mM CaCI 2 . The molecular weight was deter- 
mined by using 8 to 25% gradient sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE; Pharmacia). The isoelectric point was determined 
with the same system by using PhastGel IEF 3-9 isoelectric focusing gels and the 
Pharmacia IEF calibration kit as the standard. Other protein samples were 
separated by SDS-12.5% PAGE as described by Laemmli (11) and stained with 
Coomassie brilliant blue. For sequencing purposes, final purification of the PhyC 
protein was performed by reversed-phase high-performance liquid chromatog- 
raphy (RP-HPLC) on a 0.21- by 10-cm (TSK Tosoh Corporation, Tokyo, Japan) 
TMS-250 (Q) column by elution with a linear gradient of acetonitrile (3 to 100% 
in 60 min) in 0.1% trifluoroacetic acid. Chromatography was performed at a flow 
rate of 200 u-l/min, and the protein was detected by UV absorbance at 214 nm. 
The collected protein fraction was dried in a vacuum centrifuge and dissolved in 
40 u.1 of 6 M guanidine-HCl-2 mM EDTA-0.5 M Tris-Cl (pH 7.5). 

Production of B. subtilis VTT E-68013 phytase in defined media. B. subtilis 
VTT E-68013 colonies were grown on M9 minimal medium, M9 minimal me- 
dium supplemented with 2 mM phytate, and phytase screening medium (2% 
D-glucose, 0.4% sodium phytate, 0.2% CaCl 2 , 0.5% NH 4 NO„ 0.05% KC1, 0.05% 
MgSO* • 7H 2 0, 0.001% FeS0 4 • 7H 2 0, 0.001% MnS0 4 • H 2 Q per liter adjusted 
to pH 7). The culture broth was clarified by centrifugation, proteins were pre- 
cipitated by adding 3 volumes of cold ethanol (— 20°C), and precipitate was 
dissolved in 100 mM Tris-HCl (pH 7.5) supplemented with 1 mM CaCl 2 and 
assayed for phytase activity. 

Alkylation, enzymatic digestion, and peptide separation. Dithiothreitol (5 
u.mol) was added, and reduction was performed for 20 min at room temperature; 
this was followed by addition of 1 u.1 of 4-vinylpyridine (Sigma). Alkylation was 
performed at room temperature for 15 min, followed by addition of 5 u.1 of 
dithiothreitol (1 u.mol/u.1). The alkylated protein (about 15 u,g) was separated 
from the remaining reagents by RP-HPLC as described above, dried in a 
vacuum centrifuge, and dissolved in 50 m-1 of 0.1 M Tris-CI (pH 9.2); addition of 
0.2 u,g of Lysylendopeptidase C (LysC; Wako GmbH, Neuss, Germany) fol- 
lowed. Digestion was performed overnight at 37°C. Generated peptides were 
separated by narrow-bore RP-HPLC on a 1.0- by 15-cm Vydac C 8 column (300A, 
5 u>m; LC-Packings, Amsterdam, The Netherlands). Elution was performed with 
a linear gradient of acetonitrile (0 to 40% in 120 min) in 0.1% trifluoroacetic 
acid. Peptides were monitored at 214 nm and automatically collected with a 
SMART system (Pharmacia Biotech, Uppsala, Sweden). 

Mass spectrometry, protein N-terminal sequencing, and internal peptide se- 
quencing. The collected peptides were subjected to MALDI-TOF (matrix-assist- 
ed laser desorption ionization-time of flight) mass spectrometry in the delayed 
extraction mode with a BIFLEX mass spectrometer (Bruker-Franzen Analytik, 
Bremen, Germany) by using a 337-nm nitrogen laser. A thin-layer matrix prep- 
aration with saturated a-cyano-4-hydroxycinnamic acid in acetone was used. 
One-half microliter of matrix was deposited on a stainless-steel target plate and 
allowed to dry, after which 0.5 u.1 of sample was added on top of the matrix spot. 
External calibration was performed with insulin (human; Sigma) and cytochrome 
c (horse heart; Sigma). Protein N-terminal sequencing and internal peptide 
sequencing were performed with a Procise 494A sequencer (Perkin-Elmer Ap- 
plied Biosystems Division, Foster City, Calif.). 

Phytase activity assays. Enzyme assays were preformed as described by 
Shimizu (31). One unit of enzyme activity was defined as the amount of enzyme 
hydrolyzing 1 u,mol of P f per min under assay conditions. The specific activity was 
expressed in units of enzyme activity per milligram of protein. Enzyme activity 
assays were performed in defined buffers and in a wheat bran buffer system as 
described below. All enzyme assays were run in duplicate. Defined buffers used 
in enzyme activity assays were as follows: 100 mM glycine (pH 3.0), 100 mM 
succinate (pH 5.0), 100 mM Tris-maleate (pH 5.0, 6.0, 7.0, and 8.0), 100 mM 
Tris-HCl (pH 7.5, 8.0, and 9.0). All buffers were supplemented with 2 mM 
sodium phytate and 1 mM CaCl 2 . Enzyme assays were performed in these buffers 
at five different temperatures (37, 45, 55, 65, and 75°C). Sbc-hundred-microliter 
aliquots of buffer were pre incubated at the relevant temperature for 5 min, and 
the enzyme reactions were started by adding 150 u.1 of enzyme preparation. Since 
enzyme addition tends to affect the pH of the reaction mixture, the true pH of 
each assay mixture was measured at the beginning and at the end of the 30- min 
incubation. After 30 min of incubation, reactions were stopped with 750 u.1 of 5% 
trichloroacetic acid and the released inorganic orthophosphate was measured as 
described previously (31). The protein concentration of each enzyme preparation 
was measured with the Bio-Rad protein assay (Bio-Rad Life Science Group, 
Hercules, Calif.), and the specific activity of enzyme at the different pH and 
temperature levels was calculated. 

Wheat bran extract used in the enzyme activity assay was prepared by dissolv- 
ing 50 g of wheat bran in 500 ml of distilled water, followed by autoclaving at 
121°C for 60 min. The extract was filtered through a cheesecloth, and the volume 
was adjusted to 500 ml with distilled water and clarified by centrifugation. The 
supernatant was adjusted to five different pH levels by HC1 or NaOH additions 
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(pH 3.0, 5.5, 7.0, 8.0, or 9.0), diluted 1:10 in distilled water, and supplemented 
with 2 mM sodium phytate and 1 mM CaCl 2 . Six hundred microliters of the 
wheat bran buffer described above was pre incubated at the desired reaction 
temperature (37, 55, and 75°C), and the enzyme reactions were then run as 
described above. 

Substrate specificity. Substrate specificity of the PhyC was determined by 
using the standard activity assay in 100 mM Tris-HCl (pH 7.5) supplemented 
with 1 mM CaCl 2 and 2 mM tested substrate. Besides phytic acid, B-glycero- 
phosphate, r>glucose 6-phosphate, p-nitrophenylphosphate, ATP, ADP, AMP, 
fructose 1,6-di phosphate, 3-phosphoglyceric acid, bis-(p-nitropheny!)phosphate, 
and a,B-methyleneadenosine-5'-disphosphate were tested as substrates. 

General DNA techniques. All PCRs were performed by using a PTC-255 DNA 
Engine (MJ Research Inc., Watertown, Mass.) and Taq polymerase (Perkin- 
Elmer, Roche Molecular Systems Inc., Branchburg, N.J.). On the basis of N- 
terminal and internal PhyC peptide sequences, several degenerate PCR primers 
were designed. PCR was performed with these primers by using B. subtilis VTT 
E-68013 DNA as a template at different annealing temperatures and at different 
magnesium concentrations. The following PCR protocol was chosen: premelting 
at 94°C for 4 min, followed by 30 cycles of melting at 92°C for 60 s, annealing at 
50°C for 60 s, and extension at 72°C for 120 s in 2.5 mM magnesium. The largest 
PCR fragment was cloned into pCR 2.1 (Invitrogen, San Diego, Calif.) vector 
and sequenced. Southern blotting was performed as described by Sambrook et al. 
(29) by using the largest PCR fragment, labelled with digoxigenin (PCR DIG 
probe synthesis kit; Boehringer-Mannheim, Mannheim, Germany), as the hy- 
bridization probe. The nucleotide sequence of the phyC gene was determined 
with the ABI Prism Dye Terminator Cycle Sequencing kit with an ABI 377 DNA 
sequencer. Nucleotide and amino acid sequence homology searches were per- 
formed on National Center for Biotechnology Information (NCBI) databases by 
Blast searches. 

B. subtilis VTT £-68013 genomic library construction. Partially £coR I -digested 
genomic B. subtilis VTT E-68013 DNA was cloned into Lambda Zap 1 1 and 
packaged into lambda particles by using a Lambda ZapII/EcoRI/CIAP GigaPack 
Gold III cloning kit (Stratagene) as described in the recommendations provided 
by the manufacturer. Genomic B. subtilis VTT E-68013 library was screened with 
an EasyToHyb hybridization kit (Boehringer-Mannheim) as described in the 
recommendations provided by the manufacturer by using the largest PCR frag- 
ment, labelled with digoxigenin, as the hybridization probe. Positive lambda 
clones were cored and excised with ExAssist helper phage (Stratagene) to obtain 
phagemids. The phagemids obtained were transformed into SOLR' E. coli host 
cells (Stratagene), and plasmid DNA was purified with the Qiagen (Santa Clara, 
Calif.) plasmid kit and used in analysis of insert DNA and DNA sequencing. 

Construction of clones overexpressing recombinant PhyC-HIs 6 fusion protein. 
The phyC gene fragment encoding mature enzyme was amplified by PCR with 
insertion ofSphl and Bgill sites at the 5' and 3' ends, respectively. Primers used 
were pBsf (5' CTCGCATGCTGTCCGATCCTTATCATTTTTACCG 3') and 
pBsr (5' GG C AG ATCTTTTTCCG CTTCTGTCG GTC AGTTC 3'). The ampli- 
fied PCR fragment was purified with the QIAquick DNA purification kit (Qia- 
gen) and cloned into SphUBgtll-cut pQE-70 expression vector harboring C- 
tcrminal His 6 tag (Qiagen) to generate plasmid pBsm. Another forward primer, 
pBssf (5' CGTTCAATTGAGGAGGAAGTAAAATGAATC 3'), with insertion 
of an Mfel site (compatible with £coRI), was designed to amplify the phyC gene 
fragment with its natural signal sequence and ribosoma) binding site. The reverse 
primer used in this amplification was the pBsr primer. The amplified PCR 
fragment was purified with the QIAquick DNA purification kit (Qiagen) and 
cloned into £coRI/flg/II-cut pQE-70 expression vector harboring C- terminal 
His 6 tag to generate plasmid pBss. Primer phytac(+) (5' CGCG G ATCC ATGG 
CCCTGTCCGATCCTTATCATTTTACC 3'), with insertion of BamHl and 
Ncol sites, and primer phytac(-) (5' GCTAGTCTAG ATTTTCCG CTTCTGT 
CGGTCAG 3'), with insertion of an Xbal site, was designed to subclone the 
mature phyC gene fragment into Bam Hl/XZwI-cut pUC19. The amplified PCR 
fragment was cut with Xbal and partially cut with Ncol due to the internal Ncol 
site in the phyC gene. Partially cut fragments were separated on agarose, and the 
NcollXbal phyC fragment was cut from the gel and purified with the QIAquick 
DNA purification kit (Qiagen). Purified phyC NcoVXbal fragment was cloned 
into an NcoVXbal-cut pKKtac E. coli expression vector harboring C-terminal 
His 6 tag to generate pKKtacBs. The pBsm and pBss plasmids were transformed 
into XL-1 Blue MRF' as described by Hanahan (9). Plasmid pKKtacBs was 
transformed into the CaCl 2 -competent £. coli RV308 expression host. 

The pBsm and pBss transformants were grown in LB broth containing 100 u.g 
of ampicillin per ml, induced, and purified as described in QIAexpressionist 
(Qiagen) with growth and induction times varied and temperature as well as the 
amount of isopropyl-fJ-o-thiogalactopyranoside (IPTG) used as an inducer to 
optimize expression. For pKKtacBs expression in RV308, an overnight culture 
was diluted 1:50 into fresh LB broth supplemented with 100 u,g of ampicillin per 
ml and grown at 37°C and 200 rpm until theA^ was 1.0. IPTG was then added 
to 1 mM, and the culture was shifted to 30°C since the production level of the 
recombinant PhyC was found to be higher at 30 than at 37°C After 1 h of 
induction, CaCI 2 was added to 1 mM to stabilize the enzyme produced. For 
production analysis, samples were withdrawn at various times after induction, 
cells were pelleted, and recombinant proteins from culture supernatant were 
purified and assayed for phytase activity. Purification was performed in the 
following manner: the sample was applied to a Ni-nitrilotriacetic acid matrix 
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FIG. 1. Phytase activities of B. subtilis VTT E-68013 (A), B. amyloliquefaciens 
VTT E-71015 (•), and B. amyloliquefaciens VTT E-90408 (O) during cultivation 
in wheat bran extract. The phytase activities are expressed as the amount of 
released inorganic phosphate per cell density (A^qq). Enzyme assays were run in 
duplicate, and the standard error in all assays was below 0.04. 



(Qiagen) and washed first with 50 mM Tris-HCl-300 mM NaCl (pH 8.0) sup- 
plemented with 1 mM CaQ 2 and then with 50 mM Tris-HCl-300 mM NaCl (pH 
8.0) supplemented with 1 mM CaCl 2 and 20 mM imidazole. Recombinant pro- 
tein was eluted with the same buffer except that the imidazole concentration used 
was 500 mM. 

Nucleotide sequence accession number. The nucleotide sequence data re- 
ported in this paper has been deposited in the Gen Bank nucleotide sequence 
database under accession no. AF029053. 

RESULTS 

Screening of Bacillus strains for phytase production. Twen- 
ty-one strains from the genus Bacillus were tested for extracel- 
lular phytase production in Luria broth, in Luria broth supple- 
mented with phytate, and in wheat bran extract medium. None 
of the strains produced phytase activity in the Luria broth, 
whether or not it was supplemented with phytate (data not 
shown). However, in the wheat bran medium, two B. amyloliq- 
uefaciens strains and one B. subtilis strain produced significant 
amounts of phytase activity. The amount of inorganic phos- 
phate released per cell density (^ 600 ) during the cultivation of 
these three strains is shown in Fig. 1. The B. subtilis strain VTT 
E-68013 showed the highest phytase activity production and 
was therefore chosen for phytase enzyme production. 

Induction studies. Induction studies were carried out to 
exclude the possibility that the phytase was readily expressed in 
phytate-containing media other than wheat bran medium but 
became instantly and irreversibly inactivated or proteolytically 
cleaved when secreted to media other than wheat bran. Strain 
VTT E-68013 was cultivated in a wheat bran extract, Luria 
broth, Luria broth supplemented with 10 mM phytate, and 
Luria broth supplemented with 2% bovine serum albumin in 
order to protect the produced phytase from possible proteol- 
ysis. After different time points, samples were withdrawn and 
assayed for phytase activity. After 50 h of cultivation, when 
phytase activity was at its highest in wheat bran extract but still 
no activity was detected in Luria broth, samples of cleared 
culture media were subjected to SDS-PAGE. At this point of 
cultivation, cells from each cultivation were examined under 
the microscope and observed to be undergoing sporulation. No 
phytase band was detected for any Luria cultivation (Fig. 2), 
verifying that these media did not support phytase enzyme 
production even in an inactive form. It was clear that phytate 
did not induce phytase production but instead proved to re- 



press protein expression of B. subtilis VTT E-68013 since the 
major ca. 58,000 band (most likely amylase) and other bands 
detected in other cultivation media were barely detectable 
although cell densities (*4 60 os) in each cultivation were about 
the same. 

To verify that the phytase enzyme was not proteolytically 
cleaved by excreted proteases in Luria broth, purified phytase 
was incubated with Luria broth spent medium. There was no 
drop in phytase activity after 1 h of incubation with Luria broth 
spent medium at 37°C, indicating that phytase was not cleaved 
by proteases excreted by B. subtilis VTT E-68013. 

B. subtilis VTT E-68013 was also grown on defined media. 
Minimal medium containing inorganic phosphate as well as 
phytate did not induce phytase production, but defined me- 
dium in which phytate was the sole source of phosphate (phy- 
tase screening medium; see Materials and Methods) induced 
phytase production. 

Production and purification of native phytase. Phytase 
proved to be very sensitive to commonly used chromatographic 
purification methods such as ion exchange and gel filtration. 
The enzyme required CaCl 2 in all purification steps to main- 
tain activity and lost activity if EDTA was used in buffers. A 
combination of purification by ethanol and ammonium sulfate 
precipitation proved to be the best purification method and 
was therefore used to purify protein for enzyme characteriza- 
tion. The purification of phytase is described in Table 1. Re- 
dissolved pellet from 85% ammonium sulfate precipitate with 
high phytase protein purity, but not optimum specific activity, 
was used in all enzyme characterization experiments described 
and, after further purification (described in Materials and 
Methods), was used in N-terminal and internal peptide se- 
quencing. Phytase purification was monitored by SDS-PAGE 
as shown in Fig. 3. 

Chemical and physical characteristics and substrate speci- 
ficity of the purified phytase. The molecular mass of the ma- 
ture PhyC was 43 kDa as determined by SDS-PAGE (Fig. 3). 
The determined molecular mass was 5 kDa more than that of 
the phytase purified from B. subtilis (natto) N-77 described by 
Shimizu (31). The isoelectric point of PhyC was 6.5 as deter- 




FIG. 2. SDS-PAGE separation of culture supernatant samples of secreted 
protein of B. subtilis VTT E-68013 in different culture media after 50 h of 
cultivation. Lanes; 1 and 6, molecular weight markers; 2, wheat bran; 3, Luria 
broth; 4, Luria broth supplemented with 10 mM phytate; 5, Luria broth supple- 
mented with 2% bovine serum albumin; 7, purified recombinant phytase (phytase 
band indicated by arrow). 
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TABLE 1. Purification of phytase from B. subtilis VTT E-68013 



Enzyme sample 


Sp act 
(U/mgr 


Recovery 
{%) 


Purification 
factor (fold) 


Culture supernatant 


8 


100 


1 


Redissotved ethanol precipitate 


15 


93 


1.9 


Supernatant from 65% ammo- 


88 


56 


11.2 


nium sulfate 








Redissolved pellet from 85% 


29 


. 22 


3.7 


ammonium sulfate 









" One unit is defined as the amount of enzyme required to liberate 1 \imo\ of 
Pi per min under assay conditions. The specific activity is expressed in units of 
enzyme activity per milligram of protein in an activity assay. 



mined by isoelectric focusing (data not shown). PhyC proved 
to be highly specific for phytate, hydrolyzing in addition to 
phytate only ATP and ADP (50 and 75% of the activity with 
phytate, respectively) of the substrates tested (see Materials 
and Methods). 

Effect of pH and temperature on the phytase activity. The 

activity of native PhyC was determined at different pHs and 
different temperatures as described in Materials and Methods. 
During the reaction, the changes in pH proved to be insignif- 
icant whether the reaction was performed in defined buffer or 
in wheat bran extract. The final pHs were plotted, and these 
were within 0.3 pH unit of the initial pH. Figure 4 shows the 
effect of pH on phytase activity in defined buffers at different 
temperatures (for clarity, only data for temperatures of 37, 55, 
and 75°C are shown). The optimum temperature proved to be 
55°C. Irrespective of the reaction temperature, PhyC showed 
the highest phytase activity at neutral pH. 

We also determined the PhyC pH activity profiles in a wheat 
bran buffer system because it is likely to provide an environ- 
ment somewhat closer to that encountered in feed applica- 
tions. The optimum pH and temperature as well as the pH 
profiles as a whole in the wheat bran extract buffer system 
proved to be very similar to those determined in defined buff- 
ers. 

To compare PhyC to commercially available fungal phytase 
used in feed applications, the pH activity profile of Natuphos 
(an A. niger phytase) was also determined. Figure 5 shows the 
pH activity profiles of PhyC and Natuphos in a wheat bran 




FIG. 3. Purity monitoring of the PhyC by SDS-PAGE. Lanes: 1, 85% satu- 
ration ammonium sulfate precipitate; 2, 65% saturation ammonium sulfate su- 
pernatant; 3, ethanol precipitate; 4, culture supernatant; 5, molecular weight 
markers. 



Appl. Environ. Microbiol. 




Reaction pH 

FIG. 4. Effect of pH on phytase activity on defined buffers at three different 
temperatures (37°C [A], 55°C [■], and 75°C [O]). Phytase activities are expressed 
as relative activity. Enzyme assays were run in duplicate, and the standard error 
in all assays was below 0.04. 



buffer system at 55°C (optimum temperature of Natuphos as 
well). Figure 5 clearly shows that PhyC is functional at neutral 
pH whereas A. niger phytase is completely inactive. 

N-terminal and internal peptide sequencing and degenerate 
primer design. The sequence of 25 amino acid residues was 
obtained from protein N-terminal sequencing. A total of nine- 
teen RP-HPLC-purified internal peptides from alkylated, LysC- 
digested PhyC was sequenced. The molecular weights of the 
peptides were measured with a mass spectrometer and com- 
pared with calculated molecular weights. LysC digestion was 
also performed on nonalkylated PhyC; this was followed by 
RP-HPLC purification of peptides. There was no difference 
between RP-HPLC results for alkylated and nonalkylated 
LysC-digested PhyC, indicating the absence of sulfur bridges. 
Fourteen sequenced internal peptides including the N-termi- 
nal peptide showed no overlap with one another and gave a 
total of 227 amino acid residues. On the basis of these peptide 
sequences, degenerate primers for PCR were designed. All se- 
quenced peptides and the degenerate primers designed are 
shown in Table 2. 

Molecular cloning and nucleotide sequence of the gene en- 
coding PhyC. PCR was performed with designed degenerate 
primers by using genomic B. subtilis VTT E-68013 DNA as the 
template. Under PCR conditions described in Materials and 
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FIG. 5. The pH activity profiles of Natuphos (■), an A. niger phytase, and 
PhyC (A) at 55°C in a wheat bran buffer system. Phytase activities are expressed 
as relative activities. Enzyme assays were run in duplicate, and the standard error 
in all assays was below 0.04. 
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TABLE 2. N-terminal and internal peptide sequences of PhyC and degenerate primers for PCR designed thereof 



Mol wt of peptide Degenerate primer 

: Amino acid sequence* 

Determined" Calculated Nucleotide sequence c Designation 









TP I d A TfT'TT A TP A TTTT A PI HT 


ohoj 






I Cr\DVUCT\/M A a \ CTCD\/nT A A AnHDAII T* 

LMJr Y Hb 1 VlNAAAh 1 fcr V V I AOUAAUJUr A1LJJ 






010 


on 1 


I YAM V 1 OK 


111 ll^v^lO 1 IAL.w\ 1 lOl^ 




1 111 A 

1,1/1 A 


1 "VTl 1 

1,2/1.3 




TTPATA/T/PITOTTPA A ATTCTCC 


04/2 


1,050.3 


1,050.2 


MLHSYNTGK 


TTICCIGT(A/G)TTATAIGAATGIA(A/G)CAT 


6473 


798.9 


798.9 


IVPWER 






2,951.2 


2,948.4 


IVPWERIADOIGFRPLANEQVDPRK 


TGATCIGC(G/A)ATIC(G/T)TTCCCA 


6470 






NGTLOSMTDPDHPIATAINEVYGFTLWHSQ 


GC(G/A)AT(C/A)GGATGATC(C/A)GGATC 


6471 






YVADFRITDGPETDGTSDDDGII 


TCIGATTCIGGICCATCIGT 


6468 


775.7 


775.8 


LTDRSGK 


TmCCI(G/C)(T/A)IC(G/T)ATCIGT 


6543 


1,317.9 


1,317.4 


VDIAAASNRSEGK 


CTTCIGAIC(GyT)(G/A)TTIGAIGCIGC 


6469 


2,167.4 


2,167.4 


IADQIGFRPLANEQVDPRK 






720.7 


720.8 


ANONFK 


TTTAAA(G/A)TT(C/T)TG(G/A)TTIGC 


6541 


619.6 


619.7 


VRAFK 










LNNVDIRYDFP 


AG(C/A)GGAAAATCATAIC(C/T)(G/A)ATATC 


6467 


1,779.4 


1,778 


LNNVDIRYDFPLNGK 






1,236.3 


1,236.4 


NTIEIYAIDGK 


CCATC(G/A)ATIGCATA(G/A)ATTTC 


6474 


1,137.4 


1,137.3 


SGLVVYSLDGK 


TTICCATCIA(GyT)I(G/C)(T/A)ATAIAC 


6542 






FSAEPDGGSNGTVIDRADGRHL 


CCATCIGCIC(G/T)ATC(G/A)ATIAC 


6475 



° Molecular weight of peptide determined by mass spectrometer. 

6 Sequences of LysC-digested purified peptides, the first one being the N-terminal peptide. The region from which the degenerate primer was designed is underlined. 
c Designed degenerate primers, the first one being the forward primer and the others being reverse primers. I, inosine. All primer sequences are written in 5'-*3 f 
direction. 



Methods, nine reverse primers amplified a single fragment 
with the forward primer 6465. Primers 6465 and 6470 amplified 
the largest PCR fragment, which was cloned to a pCR 2.1 vec- 
tor and sequenced. This resulted in determination of the par- 
tial phytase gene sequence of 989 bp. This partial gene frag- 
ment was translated into an amino acid sequence, revealing an 
open reading frame of 330 amino acid residues, and corre- 
sponded to the peptide sequences obtained from N-terminal 
and internal peptide sequencing of purified PhyC. A total of 14 
peptides were found in the translated amino acid sequence. 
Southern hybridization revealed two fragments of 6 and 2.4 
kbp, respectively. The genomic B. subtilis VTT E-68013 library 
was screened, and positive clones carrying 6 and 2.4 kbp inserts 
were obtained. Sequences from these clones were determined 
by using both vector-specific and gene-specific primers. The se- 
quence of the phyC gene, the deduced amino acid sequence, 
putative -35 and -10 sequences, a ribosomal binding site, and 
a transcription terminator are shown in Fig. 6. The -35 se- 
quence was the consensus sequence for Bacillus expression. 
However, the -10 sequence was not similar to anything listed 
(17), suggesting a specific sigma factor. The stop codon (TAA) 
is followed by a sequence of dyad symmetry (18-nucleotide 
perfect repeat) which could form a stem-loop structure and 
therefore be a transcription terminator. The putative riboso- 
mal binding site is 9 nucleotides in length, contains a canonical 
GGAGG consensus sequence, and is optimally spaced from 
the start codon (37). 

Deduced amino acid sequence of PhyC. The primary amino 
acid sequence deduced from the nucleotide sequence of the 
phyC gene revealed a fragment of 383 amino acid residues 
after putative ribosomal binding. The putative signal peptide 
cleavage site according to Nielsen et al. (21) is located between 
residues 26 and 27 (SQA-KH). The N-terminal sequence anal- 
ysis of the purified protein would indicate that the first 29 
amino acids are cleaved, but it is possible that the first 26 
amino acids are a true signal peptide since the first 26 amino 
acids closely match the consensus of secreted proteins. Resi- 
dues 27 to 29 might be analogous to a propeptide because of 



the positively charged residues (KHK). However, three amino 
acids would be very short for a propeptide (18). The molecular 
masses of PhyC preprotein and mature PhyC as deduced from 
the amino acid sequence were ca. 41.9 kDa and ca. 39 kDa (i.e., 
without the first 29 residues), respectively. The deduced amino 
acid sequence was compared to the NCBI protein database by 
Blast search. The only sequence with homology to PhyC was a 
hypothetical open reading frame (73% amino acid identity and 
86% amino acid similarity to PhyC) from sequence analysis of 
the B. subtilis chromosome region between the odhAB and 
sspC loci cloned in a yeast artificial chromosome (38). This 
hypothetical open reading frame is identical to a hypothetical 
partial open reading frame (orfl81) from the B. subtilis cgeAB 
gene cluster region (28). 

Overexpression and purification of recombinant PhyC-His 6 
fusion proteins. The phyC gene fragment encoding mature 
PhyC (clone pBsm) as well as a fragment encoding mature 
PhyC with its own signal peptide (clone pBss) was cloned into 
an overexpression vector, pQE-70, as a C-terminal His 6 tag 
fusion protein, under the control of T5 promoter as described 
in Materials and Methods. The pBsm clone overexpressed a 
fusion protein which had the same molecular mass as native, 
mature protein as determined by SDS-PAGE (data not shown). 
No active form was obtained from this construct under the 
expression conditions tested. It appeared that the fusion pro- 
tein encoded by the pBsm construct was toxic to £. coli, since 
the growth rate of the expression strain XL-1 Blue MRF' 
harboring plasmid pBsm after induction was significantly lower 
than that of the strain carrying the vector alone. This is possibly 
due to the ATPase and ADPase activities of PhyC enzyme. 
Furthermore, more than 90% of the expressed fusion protein 
was found in the insoluble cytoplasmic fraction resulting from 
the formation of inclusion bodies. Likewise, no active enzyme 
was obtained with the pBss construct that was designed to 
direct the fusion protein to the periplasmic space by using the 
natural signal peptide of PhyC. A fusion protein encoded by 
pBss construct having a molecular mass about 3 kDa larger 
than that of the nonrecombinant protein as determined by 
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CACATt tgacaATTTTCACAAAAACTtaacacTGACAATCATGTATATATGTTACAATTGAAGTGCACGTTCATAAaaggaggaaGTAAAATGAATCATT 100 
-35 -10 rbs H N H S a4 

CAAAAACACTTTTGTTAACCCCG<KGGCCGGACTGAT<XTCACATGCGGTGCG^ 200 
KTLLLTAAAGLHLTCGAVSSQ A^ KHKLSDPYHFT a37 

CGTGAATGCAGCGGCGGAAACGGAACCGGTTGATACGGCCGGTGACGCGGCTGATGATCCTGCGATTTGGCTGGACCCCAAGACTCCTCAGAACAGCAAA 300 
VNAAAETE PVDTAGDAADDPAIWLDPKTPQNS K a?0 

TTGATTACGACCAATWVAAAATCAGGTTTAGTCGTTTACAGCCTTt^TGOT^ 400 
LITTNKKSGLVVYSLDGKMLH SYNTGKLNNVDIR al04 

GTTATGATTTTCCGTTGAACGGCAAAAAAGTCGATATCGCGGCAGCATCCAATCGGTCTGAAGGAAAAAATACCATTGAGATT^ 500 
YDFPLNGKKVDIAAASNRSEGKNTIEIVAIDGK a!37 

AAACGGCACATTACAAAGCATGACAGATCCAGACCATCCGATTGCAACAGOVATTAATGAGGTATACGGTTTTACCTTATACCACAGTCAAAAAACAGG^ 600 
NGTLQSMTDPDHPIATAIKEVYGFTLYHSQKTG a!70 

AAATATTACGCGATGGTGACAGGAAAAGAGGGTGAATTTGAACAATACGAATTAAAGGCGGACAAAAATGGATACATATCCGGCAAAAAGGTACGGGCGT 700 
KYYAMVTGKEGEFEQYELKADKNGYISGKKVRAF a204 

TTAAA ATGAATTCCCAGACGGAAGGGATGGC AGC AGACGATGAATACGGCAGGCTTTAT ATCGCAGAAGAAGATGAGGCCATTTGGAAGTTCAGC GCCGA 800 
KMNSOTEGMAADDEYGRLYIAEEDEAIWKFSAE a237 

GCCGGACGGCGGCAGTAACGGAACGGTTATCGACCGTGCCGACGGCAGGCATTTAACTCGTGATATTGAAGGATTGACGATTTACTACGCTGCTGACGGG 900 
PDGGSNGTV I DRADGRHLTRDIEGLTI YYAADG a270 

AAAGGCTATCTGATGGCATCAAGCCAGGGAAACAGCAGCT ACGCCATTTATGACAGACAAGGAAAGAACAAATATGTTGCGGATTTTCGCATAACAGACG 1000 
KGYLMASSQGNSSYAIYDRQGKHKYVADFRITDG a304 

GTCCTGAAACAGACGGGACAAGCGATACAGACGGAATTGACGTTCTGGGTTTCGGACTGGGGCCTGAATATCCGTTCGGTATTTTT 1100 
PETDGTSDTDGIDVLGFGLGPEYPFGIFVAQDC a337 

TGAAAATATAGATCACGGCCAAAAGGCCAATCAAAATTTTAAAATCGTGCCATGGGAAAGAATTGCTGATCAAATCGGTTTCCGCCCGCTGGCAAATGAA 1200 
ENIDH GQKANQHFKIVPWERIADQIGFRPLAHE a370 

1290 
a3B3 

FIG. 6. Nucleotide sequence and deduced amino acid sequence of the phyC gene. The putative -35 and — 10 sequences are indicated (sequence in lowercase letters) 
as well as a putative ribosome binding site (rbs; sequence in lowercase letters). A possible transcription terminator downstream oiphyC gene is indicated by horizontal 
arrows under the sequence. The possible signal peptide cleavage site is indicated by a vertical arrow. 



SDS-PAGE was also found in the insoluble cytoplasmic frac- 
tion, indicating that the PhyC signal peptide was not able to 
direct fusion protein to the periplasmic space of the E. coli host 
strain (data not shown). However, the pKKtacBs construct, in 
which the phyC gene fragment encoding the mature enzyme 
was cloned downstream of a pectate lyase (pelB) signal se- 
quence from Ermnia carotovora, overexpressed a fusion pro- 
tein in an active form to the culture medium of E. coli RV308 
host. The highest phytase activity was obtained after 20 h of 
induction at 30°C. Tile fusion protein was purified from the 
culture medium as described in Materials and Methods. It had 
the same molecular mass as that of the native, mature protein 
as determined by SDS-PAGE (Fig. 2), and it also showed the 
same pH and temperature optima and the same substrate 
specificity. 

DISCUSSION 

The chemical, physical, and enzymatic characteristics of the 
purified PhyC as well as the requirement for calcium and the 
inhibition by EDTA suggest that this phytase is similar to the 
phytase from B. subtilis (natto) N-77 described by Shimizu (31) 
and that from B. subtilis described by Powar and Jagannathan 
(26). It could be assumed that the phytase gene is present in 
the genome of B. subtilis since DNA sequences homologous 
(67% on a DNA level) to phyC from other B. subtilis strains 
have been reported (28, 38). B. subtilis VTT E-68013 is not 
likely very close to B, subtilis 168 since another gene cloned 
from the same genomic 5. subtilis VTT E-68013 library proved 
to be only 80% identical to the corresponding gene from 
B. subtilis 168 on a DNA level (15). 

The fact that commonly used defined and complex media 
containing inorganic phosphate in the presence or absence of 
phytate did not induce the production of PhyC from B. subtilis 
VTT E-68013 suggests that synthesis of PhyC is not upregu- 
lated only by phytate itself. However, phytate as a sole source 
of phosphate induced PhyC production. This finding suggests 



that PhyC production is induced only when inorganic phos- 
phate is a limiting factor. 

All cloned and sequenced microbial phytases have signifi- 
cant homology to each other, and their active sites show re- 
markable homology to the active site residues of the members 
of a particular class of acid phosphatases (histidine acid phos- 
phatases), therefore forming the phytase subfamily of histidine 
acid phosphatases (16, 23, 35). The deduced amino acid se- 
quence of PhyC did not have homology to the sequences of any 
phytases nor to those of any phosphatases listed in the data- 
bases. Most of all, PhyC did not have the RHGXRXP se- 
quence which is the most conserved sequence in the active site 
of cloned phytases (35); thus, PhyC is not a member of the 
phytase subfamily of histidine acid phosphatases but is a novel 
enzyme having a phytase activity. 

The inhibition of PhyC by EDTA and the requirement for 
calcium indicate the presence of a metal, most likely calcium, 
in the enzyme. We are currently working on identification of 
this metal, something that is important to know if the PhyC 
enzyme is to be used in animal feed applications. 
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